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ABSTRACT 
THE INVESTIGATION OF SURFACE BARRIER DURING MOLECULAR TRANSPORT IN 
HIERARCHICAL ZEOLITES 
FEBRUARY 2019 
 
XIAODUO QI, B.S., EAST CHINA UNIVERSITY OF SCIENCE AND 
TECHNOLOGY, UNIVERSITY OF HOUSTON 
M.S., UNIVERSITY OF PENNSYLVANIA 
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST 
Directed by: Professor Wei Fan 
Hierarchical zeolites with micropore lengths on the order of nanometers have been 
synthesized with the aim of reducing mass transfer limitation. However, due to large external 
surface to volume ratios, the mass transport in these materials can be hindered by a secondary rate 
limitation step imposed on the external surface of the zeolites. This has led to the general 
phenomenon referred to as “surface barriers”, which cause the enhancement in mass transport being 
far lower than expected. In order to fully unlock the potential of hierarchical zeolites, it is 
imperative to fundamentally understand the molecular transport in these new types of materials. 
 
This dissertation presents studies of molecular transport in hierarchical zeolites and the 
investigations on the mechanisms of surface barrier. From Frequency Response study, an 
asymmetric surface barrier was observed between adsorption and desorption, suggesting a possible 
surface pore blockage mechanism that causes the surface barrier. By studying the adsorptions and 
diffusions of four different probing molecules on silicalite-1 zeolites with different crystal sizes, it 
was observed that the onset of surface barrier in small zeolites is also related to the strong sorbate-
sorbent interaction at the external surface. Micropore re-entry caused by surface diffusion extend 
vi 
the characteristic micropore diffusion length, leading to the slower than expected overall 
mass transport in these materials. In order to minimize the occurrence of micropore re-entry, a new 
composite material consisting 80 nm silicalite-1 and 35 nm non-porous silica nanoparticle was 
developed. The absence of micropore opening on the external surface of silica nanoparticle 
significantly reduce the chance for diffusion molecule to re-enter the micropore, leading to a much 
faster mass transport as compared to pure 80 nm silicalite-1.  
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CHAPTER 1 
INTRODUCTION 
Zeolites are microporous aluminosilicate crystals constructed from corner sharing TO4 
tetrahedrons. Due to a combination of unique properties including large surface area, molecular sieving, 
and tunable surface functionality, zeolites are broadly utilized to catalyze chemical reactions to improve 
selectivity to desired products through well-ordered, shape selective microporous channels.1 As is usually 
the case for heterogeneous catalysts, the active sites are mainly located within the micropores and are not 
directly accessible for reacting molecules. Due to this reason, a number of sequential steps are needed in 
order to complete the catalytic cycle. These elementary steps are shown in Figure 1.1. With the feed 
stream being either in gas or liquid phases, the adsorption (only physisorption will be discussed in this 
thesis) of reacting molecules onto the external surface of the zeolite takes place on the adsorption sites. 
The adsorbed molecules then find a pore mouth through surface diffusion and enter the micropore channel. 
In order to react, these molecules need to find the active sites within the micropores by diffusion within 
the micropores. Once the molecules have reached the active sites, catalytic reactions take place, and the 
products are formed. Because the active sites must be freed for the next reacting molecule, the products 
have to be transported away from the zeolite in a similar manner. As the entire catalytic process is an 
interplay of mass transport and catalytic reaction, both of these aspects can significantly determine the 
catalytic performance of a zeolite. While the reactive property of zeolites has been widely studied, the 
mass transport within these materials has not been well studied. 
2 
 
 
Figure 1.1 Elementary steps involved during a complete catalytic cycle: (a), surface adsorption 
(physisorption); (b) surface diffusion; (c) pore entry; (d) micropore diffusion; (e) reaction; (f) desorption. 
 
In order to discuss the mass transport in confined spaces such as within zeolites, we should first 
understand the diffusion process in general. From a microscopic point of view, diffusion is the process of 
random molecular movement driven by thermal energy. This random movement is known as Brownian 
motion. From a macroscopic view, diffusion is resulted from the tendency of a component to reach 
equilibrium within a system. It is one of the most fundamental phenomena in nature and occurs in any 
type of systems. Two types of diffusion need to be distinguished: transport diffusion, which is caused by 
a concentration gradient, and self-diffusion, which occurs within a system that is under equilibrium. 
Transport diffusion can be observed as a net flux and described by the Fick’s law: 
 
𝐽 = −𝐷𝑇∇𝐶 1 
 
3 
 
where J is the flux, 𝐷𝑇 is the transport diffusivity, and ∇𝐶 is the local concentration gradient. The 
minus sign indicates the direction of diffusion is always from high concentration to low concentration.  
Self-diffusion can be viewed as the movement of labeled molecules with respect to unlabeled 
molecules with the same properties. Due to the absence of concentration gradient, no net flux can be 
observed, and the movement is totally driven by the Brownian motion with interparticle interactions. Self-
diffusion can be described by both Fick’s law and Einstein equation: 
 
𝐽 = −𝐷𝑠∇𝐶
∗ 2 
 
 
< 𝑟2(𝑡) >= 6𝐷𝑠𝑡 3 
 
where ∇𝐶∗  is the concentration gradient of labeled molecule,  < 𝑟2(𝑡) > is the mean square 
displacement and 𝐷𝑆 is the self-diffusivity.  
Although the two types of diffusion take place by the same microscopic principle, usually the 
transport diffusivity and self-diffusivity are not the same. One way to relate these two diffusivities is by 
using the Darken equation. 
 
𝐷𝑇 = 𝐷𝑠(
𝑑𝑙𝑛𝑝
𝑑𝑙𝑛𝑞
) 4 
 
where q is the concentration of the species absorbed on the sorbent and p is the partial pressure. It 
can be seen that under low partial pressure or Henry’s law region, 𝐷𝑇 and 𝐷𝑠 coincide. 
Moving forward, diffusion under the confinement of nonporous materials can be classified into 
three different regimes depending on the pore diameter. For large pores, collisions between diffusing 
molecules due to their thermal motions occur with much higher probability than the collisions to the pore 
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wall. In this case, diffusion is governed by molecular diffusion, and the rate is independent of pore size. 
As the pore diameter decreases, the number of collisions between molecule and pore increases and 
eventually surpasses the molecular collision. From this point, Knudsen diffusion takes over and the rate 
of diffusion starts show dependence on the pore size. When the pore size becomes even smaller until 
comparable to the size of the molecule, due to confinement effects, the molecules are constantly bonded 
to the pore wall as they pass through the channel. The diffusion in this regime is controlled by micropore 
diffusion or configuration diffusion, and the value of diffusivity is extremely sensitive to the parameters 
such as pore diameter, wall smoothness, molecule/pore interaction, and molecule configuration. As a 
result, it is extremely difficult to derive a generalized model to relate aforementioned parameters to the 
diffusion rate. Unfortunately, the diffusion within microporous zeolites often falls into this regime.  
While the prediction of micropore diffusivity within zeolites is difficult, it is of great practical 
importance because fundamental understanding of mass transport within zeolites can provide valuable 
insights into rational design of these materials for better catalytic performances. Due to this, designing 
experimental techniques that are capable of measuring micropore diffusion within zeolites always attracts 
a lot of interests. In general, the experimental techniques of micropore diffusion measurement can be 
divided into two categories: macroscopic technique which measures the transport diffusivity, and 
microscopic technique which measures the self-diffusivity.  
Macroscopic techniques (e.g., gravimetric uptake, zeolite length chromatography, membrane 
permeation, and frequency response) measure the micropore diffusion by introducing a pressure 
perturbation to the system and record the sample response. The interpretation of the raw data relies on 
mathematical models that are derived based on the combination of mass balance and Fick’s law. 
Assumptions are required in order to set up the boundary conditions and simplify the equation. One major 
drawback of macroscopic technique is the narrow measurement range. When the diffusion rate is too fast, 
the overall mass transport will be governed by the external mass transport, rather than the micropore 
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diffusion. In this case, the model derived from Fick’s law is no longer valid. On the other hand, if the 
diffusion rate is too slow, the sample response caused by micropore diffusion will not be well 
distinguished from the instrument response (blank experiment), and the data cannot be collected. 
Microscopic techniques (e.g., Pulsed Field Gradient NMR (PFG NMR) and quasi-elastic neutron 
scattering (QENS)) can capture the displacement of a molecule on a much shorter time and length scale 
than the macroscopic techniques. By either studying the interaction with thermal neutrons (QENS) or by 
recording the time dependence of the Larmor frequency (PFG NMR), these techniques can measure the 
diffusion through a single zeolite crystal and can directly probe the microscopic mechanisms of diffusion.  
Despite the wide array of experimental techniques and thermodynamic correction factors, 
differences in observed diffusion coefficients have been reported to vary as many as three orders of 
magnitude for different techniques.2-3 This is mainly due to the difference in the time- and length scales 
at which the diffusion process is measured and the specific measured phenomena. Characterization of 
mass transport in zeolites requires knowledge of the characteristic length scales of zeolite crystals and the 
type of diffusion mechanism. Within large zeolite crystals, the mass transport is entirely controlled by the 
intracrystalline micropore diffusion, with characteristic diffusion length being the length of the micropore. 
At short length scales (small zeolite crystals), the overall mass transport becomes a complex interplay of 
intracrystalline micropore diffusion and surface mass transport. Therefore, additional transport limitations 
beyond bulk micropore diffusion must be considered due to high external surface to volume ratio. The 
contributions of these potential secondary mass transfer limitations have been probed by several 
experimental techniques that have been developed to study diffusion in microporous materials.4-5 
Recently, a strong size-dependence of the apparent diffusion coefficient has been observed, leading to the 
conclusion that transport limitations at or near the surface (surface barriers) dominate the observed mass 
transport in small zeolite particles.6-7   
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Surface barrier was first observed by researchers using macroscopic techniques. Bulow and 
coworkers measured the uptake of n-hexane on MgA zeolites and observed a strong dependence of 
apparent diffusivity on crystal size. They concluded that the strong size dependence was attributed to the 
possibility of surface barrier resistance8. Thereafter, the presence of surface barrier during mass transport 
within small zeolites was further confirmed by various researchers. From Frequency Response Study, 
Yasuda observed a crossing behavior between in-phase and out-phase functions with the presence of 
surface barrier.  Mathematically, the magnitude of the surface barrier is proportional to the ratio of 
diffusion time scale to surface resistance time scale (see Eq. 13 in Chapter 1). From zero length column 
(ZLC) measurements, Teixeira et al. also reported a slower apparent diffusivity in small silicalite-1 
zeolites which cannot be fully justified without taking into account surface barrier6. Microscopic studies 
have also been carried out to support the presence of surface barrier. With (PFG) NMR technique, 
Krutyeva et al. studied the diffusion of methane and ethane in NaCaA zeolite and concluded that the 
surface barrier was not negligible as compared to intracrystalline diffusion9. Zhang and coworkers 
combined tapered element oscillating microbalance (TEOM) and infrared microscopy (IRM) methods to 
study the mass transport of n-hexane in mordenite and concluded the dominant role of surface resistance10.  
Mechanistic studies on surface barrier have also been carried out by several researchers. Using 
liquid phase deposition of tetraethoxysilane (TEOS), Duncan et al. modified the surface of ZSM-5 zeolite 
and studied the mass transport of cyclohexane in this material. They found that the surface barrier was 
mostly related to the pore blockage which increase the intracrystalline diffusion tortuosity11. Karwacki 
and coworkers investigated the nature of surface barrier using a combination of microscopy methods. An 
additional crust layer at the outer surface of zeolite was observed and they proposed that both this crust 
layer and internal intergrowth are responsible for the surface barrier12. 
Despite decades of study on the origin of the surface barrier, the mechanisms contributing to this 
surface resistance have not been conclusively identified. In this thesis, we aim to elucidate the nature of 
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surface barrier by studying the mass transport of cyclohexane and alkylcyclohexanes in silicalite-1 
crystals with different crystal sizes ranging from 80 nm to 3 µm. In Chapter 1, we used frequency response 
method to unveil the asymmetric nature of surface barrier during uptake and release processes. A 
structural pore blockage mechanism was suggested to be the cause of surface barrier. In Chapter 2, we 
discovered the adsorptive nature of surface barrier by combining adsorption and diffusion studies of four 
different probe molecules. This study implied a non-structural mechanism of surface barrier. An 
effectiveness diffusion length theory was proposed where the surface barrier was described as a repeated 
micropore diffusion process. In Chapter 3, we further investigated the non-structural surface barrier by 
designing silica nanoparticle (SNP)/silicalite-1 composite sample. Nonporous SNPs were added into 
silicalite-1 nanocrystals in varying ratios, and the mass transport of cyclohexane in these materials were 
studied. The results further confirmed the presence of non-structural surface barrier in zeolite 
nanocrystals; more importantly, it demonstrated a simple strategy to minimize this surface barrier without 
any destructive modifications. 
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CHAPTER 2 
ON ASYMMETRIC SURFACE BARRIERS IN MFI ZEOLITES REVEALED BY FREQUENCY 
RESPONSE 
2.1. Introduction 
Zeolites are broadly utilized to catalyze chemical reactions to improve selectivity to desired 
products through well-ordered, shape selective microporous channels.1 For catalytic reactions in 
microporous materials, reactants undergo a number of sequential, transient processes including 
adsorption, diffusion and surface reactions.13  For large zeolite particles, the apparent (experimentally-
determined) turnover frequency is limited by the rate of mass transfer due to slow diffusion in long pores. 
Two strategies have been commonly used to overcome such a mass transfer limitation, both rely on 
reducing the characteristic diffusion length. One approach is to synthesize zeolite nanocrystals with short 
micropores by controlling nucleation and crystallization processes. For example, silicalite-1 samples with 
crystal size ranging from 62 nm to 520 nm have been successfully synthesized by tuning the water content 
of synthesis gel14. Gou et al. studied the catalytic fast pyrolysis of furan using ZSM-5 zeolites with 
different crystal sizes. It was found that 100 nm ZSM-5 catalyst with shorter micropores showed higher 
aromatic and olefin selectivity as compared to 800m ZSM-5. The coke formation was also significantly 
reduced due to faster mass transport15. Another strategy is to prepare hierarchical zeolites containing both 
mesopores and micropores. The hierarchical structure can be achieved from various routes such as hard 
template method using mesoporous carbon16, soft template method using surfactants17, and post synthesis 
treatment such as desilication and dealumination18. The catalytic performance of hierarchical zeolites has 
been tested for a large variety of reactions. Higher activity, enhanced selectivity and longer life time are 
often reported and attributed to faster mass transport19-22. 
While better catalytic performance of hierarchical zeolites and zeolite nanocrystals are often 
attributed to a faster mass transport, the enhancement of mass transport property using these materials 
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have never been fully demonstrated due to lack of fundamental understanding. Compare to regular 
zeolites, mass transport in hierarchical and small zeolites is a complex interplay of micropore diffusion, 
surface permeation, and surface diffusion, owing to large fraction of surface contained in these materials2, 
23-24. Depends on factors such as micropore structure, surface defects, adsorbate/adsorbent interaction, 
and temperature, the overall molecular transport can be limited by the mass transfer resistance near the 
surface, known as surface barrier.  
In this work, we evaluate the contribution of surface barrier to the mass transfer of cyclohexane in 
a range of silicalite-1 particle sizes using frequency response method. Experimental data collected over a 
range of particle sizes and temperatures are compared with the existing base model for adsorbate diffusion 
as well as the Yasuda surface resistance model,25 which accounts for desorption rate limitations at the 
surface. A new model is developed to account for the surface limitation which allows for different kinetics 
between uptake and release (i.e. bidirectional) of adsorbates through the surface. Deconvoluting the 
kinetics of bulk diffusion from the surface barrier for both uptake into the pores and release of the pores 
provides the first mechanistic insight (e.g. kinetic energy barriers) into the nature of MFI surface barriers. 
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2.2. Experimental Methods 
2.2.1. Synthesis of Silicalite-1 
Silicalite-1 particles were synthesized and characterized as described previously.6, 26 In short, 
TPAOH solutions, TEOS and water were combined and aged at 353 K for one day while continuously 
stirring. The gel composition was set with SiO2 = 0.25, and stoichiometric ratios of TPAOH to water of 
11, 28, 100 and 400 for the 80 nm, 200 nm, 500 nm, and 1µm samples, respectively. The gel was then 
heated at 443 K for one day, then washed and centrifuged until the supernatant pH fell below nine. The 
largest sample (3 µm) was synthesized by a slightly different method,6, 27 aging TPABr and NaOH, at 323 
K for eight days first. The gel was formed with the composition SiO2:0.1 TPABr:0.05 Na2O:4 
EtOH:98H2O, which was then heated in an autoclave at 408 K for 50 h before being washed thoroughly 
with DI water and dried at 373 K overnight. 
Particles size distributions and morphologies were determined using a Magellan 400 (FEI) or 
6320JXV (JEOL) to perform scanning electron microscopy (SEM, Figure 2.1 A-E, Table 2.1). Samples 
were prepared on a carbon tape then coated with Pt before being scanned. Acceleration voltages of 3.0 kV 
with a stage bias of 500 V were used. In all cases, particle size distributions were narrow, validating the 
monodisperse synthesis.  
X-ray diffraction (XRD) was performed on a ‘Pert Pro by PANalytical with Cu Kα radiation. For 
all crystal sizes, characteristic reflections form MFI were observed (Figure 2.1F) without indication of 
crystalline impurities, confirming the crystallinity and structure of silicalite-1. Nitrogen adsorption 
isotherms were obtained on an Autosorb iQ by Quantachrome. Samples were outgassed at 473 K until 
pressure changes were observed below 25 mTorr/min. Isotherms were collected at 77 K (Figure 2.1G), 
and shown to exhibit the large microporous regime typical of MFI for all particles. Micropore volumes 
calculated by the t-plot method were all in the range of 0.10-0.13 cm3/g, indicating the high expected 
range for purely MFI structured material. 
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Figure 2.1 Characterization of Zeolite Particles. (A) SEM micrographs show monodisperse 
particles of “coffin” geometry for the five particles examined in this study. (B) XRD data show the 
scattering patterns and high level of crystallinity typical of purely MFI structured zeolites. (C) N2 
adsorption isotherms exhibit a purely microporous regime for all particles. 
Table 2.1 Physical Dimensions of Silicalite-1 Particles. 
Nominal Crystal 
Size 
Length (nm) Width (nm) Height (nm) R*(nm) 
3 μm 7,680 4,120 1,550 1,800 
1 μm 1110 730 420 430 
500 nm 460 460 256 231 
200 nm 190 170 90 88 
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               * 𝐑 = √
(𝐋×𝐖×𝐇)×𝟑
𝟒×𝛑
𝟑
 
2.2.2. Frequency Response Method 
The frequency response (FR) method was first established by Yasuda to investigate adsorption25 
then later and diffusion of guest sorbates into porous materials.28 In this method, the pressure response of 
a closed sorption chamber under periodic volume perturbations with different frequencies is recorded and 
fit to a theoretical adsorption/diffusion model. Due to the wide range of the perturbation frequencies 
available, the frequency response method is able to measure diffusion coefficients that span several orders 
of magnitude. 
A schematic diagram of the frequency response apparatus is presented in Figure 2.2 and described 
in detail by Turner et al.29 The analytical apparatus is composed of a servomotor (R), bellows pump, 
sample chamber (A), rapid differential pressure transducer (P), dosing manifold, vacuum system (V), and 
data acquisition system. The servomotor (R) is equipped with an integrated PID controller which allows 
control of the position and speed of the motor shaft in the range of 0.001-40 Hz. A bellows pump is placed 
between the motor (R) and the sorption chamber (A) and is used to drive the sinusoidal volume change. 
The sample chamber (A) is a 316 stainless 4-way cross with a supported stage and imbedded 
thermocouple. Copper sealed flanges are used to maintain high vacuum (10-6 – 10-8 torr) inside the 
chamber. The total volume (neutral bellow displacement) of the camber is 584 cm3, while the bellows can 
displace ± 2% of the total volume. The chamber is maintained at isothermal temperatures (set to 50 < T < 
275 °C) by performing PID control on three band heaters located around the entire chamber and allowing 
sufficient time for thermal equilibration. The sample size (bed thickness) is maintained sufficiently small 
such that no temperature or pressure gradients exist across the bed. The pressure transducer (P2) on the 
sorption chamber (A) is an MKS Baratron 10 torr differential capacitance manometer. The transducer is 
80 nm 80 60 60 42.3 
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fixed to the sorption chamber (A) and the referenced to a 150 cm3 ballast (B). The ballast is housed in an 
isothermal water bath (T) to maintain constant reference pressure. The dosing manifold is comprised of a 
stainless steel four-way cross and a three-way tee with a total volume of 270 cm3. Two inlets (L1, L2) are 
fixed to the dosing manifold and allow for dosing of either a constant pressure gaseous adsorbate from 
upper inlet (L1), or a known partial vapor pressure liquid adsorbate from lower port (L2). The entire 
system is equipped with an ultra-high vacuum pumping system (V) to allow for complete pump-down 
prior to dosing. The vacuum system (V) consists of a rotary rough pump and turbo-molecular pump which 
allows for evacuation to 10-8 torr.  
 
Figure 2.2 Schematic Depicting the Experimental Frequency Response Apparatus for Measuring 
Diffusion in Zeolites. A sinusoidal volume change is induced in the sample chamber, and the 
corresponding pressure response is fit to coupled particle/chamber mass balances. 
 
2.2.3. Frequency Response Experiment 
Five monodisperse silicalite-1 samples of particles varying over three orders of magnitude in size 
were synthesized and characterized,6 as summarized in Table 2.1. Figure 2.1 shows the scanning electron 
micrographs, x-ray diffraction and nitrogen adsorption isotherms for all silicalite-1 samples used in this 
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study. Although all zeolite samples exhibited the “coffin” geometry, the three dimensional nature of MFI 
pore network makes a spherical geometry more representative for diffusion analysis in small particles, as 
has previously been shown.6, 30 
Prior to each run, zeolite samples (150 mg) were degassed inside the sorption chamber overnight 
at 373 K, 10-8 torr. The sorbate (cyclohexane, previously degassed by the “freeze-pump-thaw” method) 
was then introduced to the sorption chamber at a constant partial pressure through a leak valve, and the 
sorbate/sorbent system was allowed to reach equilibrium at the desired pressure. A sine-wave volume 
perturbation of 2% was then applied to the chamber, and an online data acquisition system recorded the 
transient pressure response from the pressure transducer. For larger zeolite samples (3 µm, 1 µm), a 
frequency range of 0.0025 to 10 Hz was scanned over 28 steps. For smaller zeolite samples (500 nm, 200 
nm, 80 nm), a frequency range of 0.01 to 10 Hz was scanned over 23 steps. 
The range of measurable particle sizes analyzed in the frequency response apparatus was 
considered to ensure measureable mass transport. The diffusional time constant must fall within the 
measurable transport time range such that the corner frequency (the peak of the out-of-phase function, 
described in section 3) is within the experimental frequency bounds (0.0025 Hz to 10 Hz for the present 
system). For this reason, larger particles require the frequency range to be extended. Similarly, the range 
of diffusivities being examined are at relatively high temperatures compared to previous study by ZLC to 
ensure operation in the proper regime.6 For the diffusion-controlled case, the lower and upper limits of 
the particle size can be validated by substituting the frequency range and diffusion coefficient into, f =
D
R2
. 
While this criteria is met for the large particle base case(
D
R2
 ~ 10−3 s−1 ), the apparent transport timescale 
no longer scales with the particle size in small particles. Specifically, the transport limitations examined 
in this study shift the apparent diffusivity to lower values, causing the corner frequency to fall within 
experimental limits, and thus this criterion is achieved. 
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2.3. Frequency Response Theory 
Several models have been proposed in literature to describe mass transport between gases and 
solids. Each model describes the rate limited transport phenomena that results in macroscopically 
observed mass transfer rates. In this study, experimental data were fit to three models: (i) a base model 
describing intracrystalline diffusion, (ii) Yasuda’s surface resistance model which adds a surface 
adsorption/desorption limitation, and (iii) a new model which allows for an asymmetric surface barrier 
(Model IV in Figure 2.3). 
The first frequency response model was derived by Yasuda to study the adsorption-desorption of 
gas molecules onto non-porous metal oxide surfaces.25 The derivation was based on the Taylor series 
expansion of the general adsorption-desorption rate equation (Rj = Rj,e +
∂Rj
∂P
(P − Pe) +
∂Rj
∂A
(A − Ae)) 
and the mass balance within the entire chamber. The kinetics of the adsorption/desorption steps are 
described by Langmuir kinetics as,25, 31 
𝑑
𝑑𝑡
𝑁 = 𝑘𝑗𝑃(𝑁𝑠 − 𝑁) − 𝑘−𝑗𝑁 = (𝑘𝑗𝑃 + 𝑘−𝑗)𝑁 + 𝑘𝑗𝑃𝑁𝑠 1 
Since the volume and pressure of the system are changing with time, the theoretical model was 
expressed in terms of real (in-phase) and imaginary (out-of-phase) parts as shown below. 
𝑣
𝑝
𝑠𝑖𝑛𝜑 =∑
𝑘𝑗𝜔
𝑘−𝑗
2 + 𝜔2
𝑗
 2 
 
𝑣
𝑝
𝑐𝑜𝑠𝜑 − 1 =∑
𝑘𝑗𝑘−𝑗
𝑘−𝑗
2 + 𝜔2
𝑗
 3 
where the Langmuir adsorption and desorption rate constants are respectively defined as, 
16 
 
𝑘𝑗 =
𝑅𝑇
𝑉𝑒
(
𝜕𝑅𝑗
𝜕𝑃
)
𝑒
 4 
 
𝑘−𝑗 = −(
𝜕𝑅𝑗
𝜕𝐴𝑗
)
𝑒
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Rj is the adsorption rate of species j. Aj is the amount of surface species j. The phase lag of the 
pressure response is represented by φ = φz − φb, where φz and φb are the phase lags measured with and 
without sorbent, respectively. The amplitude ratio of the volume displacement, v, is assessed in the 
absence of sorbent, and the pressure amplitude ratio, p, is observed with the sorbent in response to the 
volume change.  
2.3.1. Model I: Base Case 
The adsorption-desorption model was modified by Yasuda to investigate the diffusion process 
within zeolites (Figure 2.3, Model I).32-33 In this case, the rates of surface adsorption and desorption are 
assumed to be infinite, implying the overall process is controlled by intracrystalline diffusion. Analytical 
solutions of in-phase and out-of-phase are derived by combining Fick’s first and second laws (diffusion 
in the pores), Henry’s law (equilibrium at the surface), and the overall mass balance in the chamber. For 
a diffusion process occurring within a spherical zeolite, the two characteristic functions for the in-phase 
(Eq. 6) and out-of-phase (Eq. 7) are as follows: 
𝑣
𝑝
𝑠𝑖𝑛𝜑 = 𝐾𝛿𝑠 =
6𝐾
𝜂
[
1
2
(
𝑠𝑖𝑛ℎ 𝜂 + 𝑠𝑖𝑛 𝜂
𝑐𝑜𝑠ℎ 𝜂 − 𝑐𝑜𝑠 𝜂
) −
1
𝜂
]   6 
   
v
p
cosφ − 1 = KδC =
K
η
{
sinh η + sin η
cosh η + cos η
}   7 
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Where, 
η = √
2ωR2
D
, K =
RTVS
Ve
KH 8 
VS is the volume of the zeolite, Ve is the equilibrium volume of the chamber, and KH is Henry’s 
law constant. R is the particle radius, and D is the intracrystalline diffusion coefficient. 
2.3.2. Model II: Yasuda Surface Resistance 
Yasuda extended the base model to describe the case where rates of adsorption and desorption on 
the surface are not infinite (Figure 2.3, Model II). In this surface resistance model, the kinetic contribution 
to the rate exists in accordance with traditional Langmuir adsorption/desorption kinetics (Eq. 1) such that 
the timescale for adsorption/desorption may contribute significantly to the overall transport time.32-33 In 
this case, in-phase and out-of-phase functions are, 
δS
SR = (
𝑎κa
ω
) [1 − (
𝑎ka
ω
){
𝑎κa
ω + cδs
θ̅
}] 9 
 
𝛿𝑐
𝑆𝑅 = (
𝑎𝜅𝑎
𝜔
)
2
{
𝑎 + 𝑐𝛿𝑐
?̅?
} 10 
 
 
Where 𝛿𝑐 and 𝛿𝑠 and the in-phase and out-of-phase functions described for the base case, and 
θ̅ = [(
𝑎κa
ω
) + cδs]
2
+ (𝑎 + cδc)
2 11 
𝑎 = (
dA
dP
)
e
(
d(A + C)
dP
)
e
−1
= 1 − c 12 
In Eq. 12, “A” represents the amount of species on the surface, and “C” is that within the pores. 
From the definition of the Langmuir isotherm at the surface (Eq. 1), κ𝑎is the sum of adsorption and 
desorption rate constants (κa = kaP + kd). The parameter 𝑎κa physically represents the inverse time scale 
of surface resistance. The magnitude of the surface barrier effect can be inferred from the area to the right 
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of the intersection between in-phase and out-phase function curves. Mathematically, the magnitude of the 
cross area depends on the value of dimensionless number, λ, which characterizes the ratio of diffusion 
time scale to surface resistance time scale,                            
λ =
τD
𝜏𝑠
=  𝑎κa
R2
D
 13 
2.3.3. Model IV: Teixeira-Qi (T-Q) 
The surface-barrier model derived by Yasuda assumes that the rates of mass transfer into and out 
of the surface are related to equilibrium by the Langmuir relationship (Eq. 1). While this model accurately 
describes the situation where surface barriers arise from adsorption/desorption limitations, it does not 
describe the other mechanisms for surface barriers (pore narrowing, pore blockage). Ruthven previously 
removed the Langmuir constraint in lieu of a lumped symmetrical barrier at the surface for the desorption 
case (Figure 2.3, Model III).34 However, the Ruthven model does not extend to the combined 
uptake/release system where separate rates into and out of the surface may be observed. Owing to these 
limitations, a new surface-barrier model with two surface rate constants (forward and reverse) is derived 
to improve upon the previous surface restriction. In this model, the following assumptions are made: 
1. Diffusion inside the zeolite is assumed to be Fickian 
2. The diffusion coefficient and surface rate parameters are solely functions of temperature and are 
independent of concentration (valid for dilute systems) and particle size 
3. Periodic volume perturbation is small (< 2%) 
4. The total surface concentration (CR) is the sum of the outer surface concentration “A” and inner 
surface concentration “B” 
The governing mass balance within a spherical zeolite particle can be expressed as, 
∂C
∂t
=
D
r2
∂
∂r
 {r2
∂C
∂r
} 14 
At the center of the zeolite, the symmetry boundary condition is, 
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∂C
∂r
|
r=0
= 0 15 
The boundary condition at the surface arises by balancing the internal flux (Fickian) with the flux 
through the surface. In this case, the flux at the surface is described as the sum of the rates into and out of 
the surface, 
Js =
R
3
[ksA − k−sB] 16 
Where Js is the surface flux,  k−s is the rate constant associated with release from the surface, and 
ks is the uptake rate constant, and “A” is in equilibrium with the gas in accordance with Henry’s Law. 
Applying assumptions 3 and 4, Eq. 16 becomes 
Js = ks
R
3
CR − (k−s + ks)
R
3
ks
k−s
A 17 
 
This surface flux has to be balanced with the diffusion flux giving rise to the second boundary 
condition, 
dC
dr
|
R
=
−R
3D
[ks(CR − CR,e) − (k−s + ks)
ks
k−s
(
KH
Vs
(P − Pe))] 18 
Where KH =
d(VsA)
dP
, is the local Henry’s constant. The above boundary value problem can be 
further non-dimensionalised as follows, 
λ
1 + λ
∂C̅
∂τ
=
1
η2
∂
∂η
(η2
∂C̅
∂η
) 19 
With boundary conditions, 
dC̅
dη 
|
η=0
= 0 20 
dC̅
dη 
|
η=1
= −
R2
3D
ks(C̅ − P̅) 21 
Where, 
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η ≡
r
R
, τ ≡
t
tD + tS
=
t
R2
D +
1
ks + k−s
=
Dt
R2
(1 +
1
λ
)
−1
 , λ ≡
tD
ts
= (
D
R2
1
ks + k−s
)
−1
, C̅ ≡
C − Ce
Ce
 
       
22 
The above boundary value problem can be solved by using Laplace transform and the resulting 
concentration profile is, 
C̃ =
1
η
[
 
 
 
 
R2
3D
ksP̃   sinh
(√
λ
1 + λ s η)
[− sinh (√
λ
1 + λ s) +
√ λ
1 + λ s cosh (
√ λ
1 + λ s) +
R2
3D (ks sinh (
√ λ
1 + λ s)]]
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Where “s” is Laplace variable and tilde denotes a Laplace transformed variable. Next, consider 
the total mass balance within the entire chamber (gas phase + zeolite), 
sne(p̃ − ṽ) + s {NCe  ∫ C̃dV
V
0
} = 0 24 
After substitution of Eq. 23 into Eq. 24, a numerical solution of frequency response can be 
obtained as, 
Q =
K(ks)
R2
D { 
√1 + λ
λ s cosh (
√ λ
1 + λ s) −
1 + λ
λ s sinh (
√ λ
1 + λ s)}
[− sinh (√
λ
1 + λ s) +
√ λ
1 + λ s cosh (
√ λ
1 + λ s) +
R2
3D (ks sinh (
√ λ
1 + λ s)]
=
ṽ
p̃
− 1 
 
25 
Similar to Yasuda’s model, Eq. 25 can be expressed in terms of a real part (in-phase) and 
imaginary part (out-of-phase). The solution was solved numerically in Matlab and expressed as, 
𝑣
𝑝
𝑠𝑖𝑛𝜑 = 𝑅𝑒(𝑄) 26 
 
𝑣
𝑝
𝑐𝑜𝑠𝜑 − 1 = −𝐼𝑚(𝑄) 27 
Data fitting was performed using Matlab by performing a four parameter least squares 
optimization for parameters: D, K, ks, k−s. The optimization was performed simultaneously for all particle 
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sizes at each temperature to minimize the square of the summed errors of the in-phase and out-of-phase 
frequency response data and model fits.  
 
Figure 2.3 Schematic Representation of Four Zeolite Mass Transport Models. (I.) Base case, (II.) 
Yasuda surface resistance, (III.) Ruthven surface barrier, (IV.) Teixeira-Qi asymmetric surface barrier. 
 
2.4. Results 
   Pressure-volume response curves were obtained for the five samples at four temperatures in the 
range of 423-513 K. Periodic, steady state data were obtained for each particle size at frequencies ranging 
between 0.0025-10 Hz and were transformed to the in-phase and out-phase functions described by the left 
side of Eq. 6 and Eq. 7, respectively. 
The base case (Figure 2.3, Model I), was first used to fit the experimental data. However, the base 
model poorly fit the data in small particles due the cross of the in-phase and out-of-phase data. As is noted 
by literature, poor fitting is indicative of a “surface barrier” or “surface resistance” near the zeolite surface, 
and a model accounting for surface limitations is required to accurately describe the mass transfer 
process.29 
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Model parameter optimizations for Yasuda’s surface resistance model (Eq. 9-12, Model II) and 
the T-Q surface resistance model (Eq. 25-27, Model IV) were performed using a log-normal least squares 
optimization for the respective in-phase and out-of-phase functions, as shown in Figure 2.4 and Figure 
2.5, respectively. The Yasuda surface resistance model requires a three parameter fit (𝐃, 𝛋𝒂 , 𝐊) to 
determine the intracrystalline diffusion constant, Langmuir rate constant, and the equilibrium constant 
between surface adsorbed species and bulk gas phase species. In the case of the T-Q model, the surface 
limitation is captured by the two parameters, “𝐤𝐬” and “𝐤−𝐬”, which represent the forward and reverse 
mass transfer rates at the zeolite surface. In both cases, characteristic mass transfer timescales are observed 
as the corner frequencies of the out-of-phase function, represented by the peaks in the data of Figure 2.4 
and Figure 2.5. As temperature increases, peaks are observed to shift to higher frequencies (right), 
indicating faster overall transport rates. Similarly, as particle sizes decreased, a corresponding shift is 
observed to higher frequencies, again indicating a transition to faster transport rates as is typical for 
diffusion-controlled processes. Data for the large particles are characteristic of intracrystalline diffusion-
controlled systems, where the in-phase and out-of-phase data do not cross; the single corner frequency 
occurs at a frequency characteristic of the diffusional time constant. Also, for large particles, the base 
model fit (Model I) exhibits similar fitting parameters to those obtained by the Yasuda surface resistance 
model (Model II). For small particles, however, the overlap between the two characteristic functions 
becomes significant, indicating an increasing transition to surface-controlled mass transfer limitations. 
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Figure 2.4 In-Phase (IP) and Out-of-Phase (OP) Frequency Response of Cyclohexane in Silicalite-
1 with Yasuda Surface Resistance Model. Transformed pressure response data represented as in-phase (■) 
and out-of-phase (■) data collected at each frequency. Solid lines represent the Teixeira-Qi model fit for 
each temperature. 
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Figure 2.5 In-Phase (IP) and Out-of-Phase (OP) Frequency Response of Cyclohexane in Silicalite-
1 with T-Q Model Fit. Transformed pressure response data represented as in-phase (■) and out-of-phase 
(■) data collected at each frequency. Solid lines represent the Teixeira-Qi model fit for each temperature. 
 
By introducing a rate limitation at the surface, both the Yasuda surface resistance and T-Q models 
fit the raw experimental data well. Fitting parameters for the Yasuda surface resistance and T-Q model 
are summarized in Table 2.3. For both model fits, the equilibrium constant obtained from fitting, K, is 
associated with Henry’s constant by Eq. 8 . The equilibrium constant was activated in accordance with 
the van’t Hoff relationship,35 
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𝐾 = 𝐾0 𝑒𝑥𝑝 (
−𝛥𝑈0
ℛ𝑇
) = 𝐾0 𝑒𝑥𝑝 (
−𝛥𝐻𝑠
𝑎𝑑𝑠
ℛ𝑇
− 1) 28 
where ΔHs
ads  is the heat of adsorption associated with cyclohexane reversibly adsorbing or 
desorbing from the outer zeolite surface. The heat of adsorption to the outer surface of the zeolite is shown 
here to be ΔHs
ads = 45.8 ± 11.4 kJ/mol. As expected, this parameter is independent of particle size and is 
only a function of temperature and the equilibrium pressure. 
For Model II (Yasuda surface resistance), the apparent diffusivity, Dapp, is a strong function of 
particle size, as shown in Figure 2.6. The data exhibit an Arrhenius relationship for diffusion for each 
particle with constant activation energy. However, the pre-exponential is observed to decrease drastically 
with decreasing particle size, indicating that a second, size-dependent phenomenon becomes rate relevant 
in small particles. Dependence of the apparent diffusion coefficient with particle size is explored in greater 
detail in the discussion section of this text.  
 
Figure 2.6 Yasuda Surface Resistance Model. The Yasuda surface resistance model fit was 
performed independently at each particle size and temperature. While the equilibrium constant and surface 
barrier parameter collapse for all particles, significant size-dependence is observed in the diffusion 
coefficient, indicating that the Langmuir resistance does not accurately capture the observed surface 
barriers here. 
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The T-Q model accounts for both gas/surface equilibrium and surface resistance, and the transport 
timescales for intracrystalline diffusion are extracted and plotted versus inverse temperature in Figure 2.7. 
Measured values of diffusivity collapse for all zeolite particles, indicating intracrystalline diffusion is 
independent of particle size, as is physically expected. Both constants describing the rate through the 
surface (ks and k−s) and apparent diffusivity are temperature activated in accordance with an Arrhenius 
relationship, as shown below. 
D = D0 exp (−
Ea
ℛT
) 
ks = ks,0 exp (−
Ea,s
ℛT
) 
k−s = k−s,0 exp (−
Ea,−s
ℛT
) 
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Where Ea , Ea,s and Ea,−s are the activation energies for diffusion, uptake and release from the 
exterior/interior surface, respectively. If all silicalite-1 particles are assumed to share the same surface and 
bulk structures, all respective activation energies should be constant irrespective of particle size, which is 
Consistent with the model fits presented here and in good agreement with literature values for diffusion 
of cyclohexane in silicalite-17
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Figure 2.7 Teixeira-Qi Zeolite Mass Transfer Model Parameters. The four parameter Teixeira-Qi 
model was fit at each temperature, with respective constants plotted with inverse temperature. All 
parameters are temperature activated, with the activation energies of the intracrystalline diffusivity and 
surface release matching. 
2.5. Discussion 
Three models were independently evaluated to describe the volume-pressure frequency response 
data for cyclohexane in silicalite-1. The base case (Model I), has been widely used to describe diffusion-
controlled mass transport in microporous materials. This model arises from solving the one-dimensional 
spherical transient diffusion system with a sinusoidal boundary condition describing the equilibrated 
surface concentration (Henry’s Law). As equilibrium is always assumed at the surface in this model, the 
externally observed pressure response is dependent on the equilibrium constant, diffusivity and particle 
size only. The base model works well to describe systems where diffusion within the bulk of the crystal 
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is rate dominating, and all other rate limitations (adsorption/desorption, external boundary layers, surface 
defects, internal grain boundaries, etc.) are negligible. This criteria often holds true for slow-diffusing 
molecules and for large particles (D/R2 < 10-3 s-1). Experimentally, deviation from the base case is directly 
observed by a cross in the in-phase and out-of-phase function/data. In the work presented in this study, as 
with other cases in the literature,29, 36 the base case was not able to describe the cyclohexane/silicalite-1 
system for small particles. For this reason, other models were considered that describe series transport 
processes. 
In the case of a surface limitation, macroscopic intra-crystalline transport observed experimentally 
is described by two series processes: Fickian diffusion in the micropores and transport at or through the 
surface. In the case where the timescale for the surface transport is sufficiently small (τs ≪ τD ), surface 
transport is not rate limiting, and experimentally characterized mass transfer collapses to the base case. 
However, if there exists a transport limitation at the surface with a timescale on the order of or higher than 
the diffusional timescale, then the limitation must be mathematically described to fit the experimental 
data. The frequency response model for the base case can then be modified replacing the assumption of 
equilibrium at the particle surface in lieu of a kinetic boundary condition. 
The mostly widely used model to describe frequency response mass transfer data containing 
surface limitations, or “surface barriers,” is described by Yasuda.36 In this model, the kinetic rate limitation 
through the surface is assumed to arise from the rate of adsorption/desorption. Langmuirian kinetics (Eq. 
1) are assumed to describe the competitive rates of adsorption and desorption, resulting in a modified 
boundary condition and solution to the in-phase and out-of-phase curves. Unlike the base model, the 
Yasuda model was able to fit the experimental response curves (Figure 2.4) by introducing the additional 
fitting parameter, κ-A. The in-phase and out-of-phase data can then be fit by ƒ(D, K, κ-A), where the three 
parameters represent the bulk diffusivity, the equilibrium constant (ratio of adsorption/desorption rate 
constants), and lumped Langmuir parameter (function of the adsorption/desorption constants). 
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Alternatively, this can be evaluated in terms of more familiar parameters such that the data can be fit as 
ƒ(D, ka, kd), where the response is now a function of the Langmuir rate parameters for adsorption and 
desorption described by Eq. 1. The fitting parameters extracted from Figure 2.4 are represented in Table 
2.2. While the introduction of a rate limitation at the surface was able to fit the raw data obtained from 
frequency response, the extracted parameters do not accurately describe the physical system; the diffusion 
coefficients demonstrate strong particle size dependence, which is inconsistent with Fick’s Law for 
configurational diffusion through microporous channels.  Identical molecule/pore combinations should 
exhibit identical bulk diffusion coefficients regardless of particle size. 
The Teixeira-Qi (T-Q) model was developed to introduce an asymmetric surface barrier that 
removes the constraint relating the adsorption and desorption rate constants to a Langmuir relationship 
(Keq = ka/kd)). Similar to the previous case, this model utilizes a boundary condition arising from the 
balance of the diffusive flux and the flux through the surface. While equilibrium is still assumed between 
the gas phase and the external surface (similar to the base and Yasuda surface resistance cases), the kinetic 
steps of permeating into and out of the surface independently contribute to the overall transport timescales. 
As shown in Figure 2.5, the T-Q model fit to the raw frequency response data is similar to that of the 
Yasuda surface resistance model described earlier. The crossing of the in-phase and out-of-phase curves 
is well captured, and the fitting parameters are summarized in Table 2.2. However, a single set of 
temperature-activated fitting parameters is able to accurately describe cyclohexane transport in all 
particles across multiple orders of magnitude in size. The diffusivity parameter collapses onto a single 
curve which obeys the Arrhenius relationship for diffusion. The additional two parameters represent the 
rate constants for penetrating into and out of the surface (ks, k−s), each of which is temperature activated 
in a similar manner. The rate entering into the pores was observed to be up to an order of magnitude higher 
than that observed describing the release from the pores, which is consistent with interference microscopy 
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studies performed during both uptake and desorption of large particles, where the transport through the 
surface was observed to be an order of magnitude faster during uptake.37 
Table 2.2 Frequency Response Parameters Obtained from Fitting Models I (Base), II (Yasuda) and 
IV (Teixeira-Qi). 
  
I. 
Base Casea 
II. 
Yasuda Surface Resistance 
IV. 
T-Q Bi-directional Surface Resistanceb 
 T D×1012 K D×1012 K κ-A D×1012 K ks k-s 
 (K) (cm2/s) ( - ) (cm2/s) ( - ) (s-1) (cm2/s) ( - ) (s-1) (s-1) 
3 μm 423 62.6 2.40 63.8 2.42 212.0 0.14 7.35 0.19 0.0026 
448 168 2.03 181.7 2.05 - 0.28 6.22 0.30 0.0053 
473 376 0.83 381.8 0.83 - 0.50 2.45 0.35 0.0128 
498 741 0.30 886.1 0.29 - 1.10 0.91 0.49 0.0244 
1 μm 423 - - 5.43 2.39 87.7 0.14 7.35 0.19 0.0026 
448 - - 10.61 2.02 90.8 0.28 6.22 0.30 0.0053 
473 - - 26.92 0.81 188.1 0.50 2.45 0.35 0.0128 
498 - - 56.78 0.31 223.1 1.10 0.91 0.49 0.0244 
500 nm 423 - - 1.39 2.37 85.8 0.14 7.35 0.19 0.0026 
448 - - 3.39 2.17 100.3 0.28 6.22 0.30 0.0053 
473 - - 8.16 0.81 170.5 0.50 2.45 0.35 0.0128 
498 - - 17.02 0.31 163.2 1.10 0.91 0.49 0.0244 
200 nm 423 - - 0.31 2.54 63.5 0.14 7.35 0.19 0.0026 
448 - - 0.72 2.02 104.5 0.28 6.22 0.30 0.0053 
473 - - 1.61 0.77 177.0 0.50 2.45 0.35 0.0128 
498 - - 3.23 0.30 203.0 1.10 0.91 0.49 0.0244 
80 nm 473 - - 0.39 0.74 141.7 - - - - 
488 - - 0.55 0.48 202.1 - - - - 
503 - - 0.77 0.30 221.7 - - - - 
518 - - 1.36 0.28 249.4 - - - - 
a  Fit only obtainable for largest particle 
b Model optimization was performed over entire particle size domain such that only one set of parameters exist at each temperature. 
2.5.1. Temperature Activation 
Literature-reported values for diffusion of cyclohexane in silicalite-1 often report similar 
activation energies (30-60 kJ/mol),6-7, 24, 38-41 despite orders of magnitude differences in diffusivity. The 
activated step in all these cases is claimed to be intracrystalline diffusion of cyclohexane within 
microporous MFI channels. Figure 2.8 depicts the energies associated with the series processes of 
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intracrystalline diffusion, transport through the surface and adsorption/desorption to the gas phase. The 
two surface parameters exhibited different activation energies, indicating the asymmetric nature of the 
surface barrier. The parameter for uptake into the surface exhibited an activation energy of Ea,s = 20.8 ± 
2.5 kJ/mol, while exiting the surface was activated similar to that of diffusion, Ea,−s = 54.1 ± 2.4 kJ/mol. 
In this work, an intracrystalline activation energy of 53.9 ± 5.0 kJ/mol was observed, which is consistent 
with previously reported values. The equilibrium constant was also activated in accordance with the van’t 
Hoff relationship. In this study, the heat of adsorption to the surface (ΔHs
ads) was observed as 45.8 ± 11.4 
kJ/mol.  
Kinetics of cyclohexane transport from inside the particle to the gas phase are thermodynamically 
consistent with the heat of adsorption of cyclohexane. As shown in Figure 2.8, the heat of adsorption of 
cyclohexane in silicalite-1 should be related to the surface release activation energy (Ea,-s), surface uptake 
activation energy (Ea,s), and the heat of adsorption to the surface (ΔHs
ads) by the following relationship, 
 
                                        ∆Hads = Ea,-s – Ea,s + ∆Hsads 
∆Hads (kJ/mol)= [54.1±2.4] – [20.8±2.5] + (45.8±11.4) = (79.1±16.3 kJ/mol) 
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The sum of the three energy barriers when added by Eq. 30 equals 79.1±16.3 kJ/mol, which is 
inclusive of values of the heat of adsorption of cyclohexane in silicalite-1 when accounting for 
experimental error. Previous studies have measured the heat of adsorption into large silicalite-1 particles 
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to be 63.2 kJ/mol35 and 70 kJ/mol.42  Close agreement by Eq. 30 between measured kinetics and 
independently measured heat of adsorption provides strong support for the validity of the T-Q model. 
 
Figure 2.8 Zeolite Mass Transport with Surface Pore Blockages. A. Energy diagram for 
intracrystalline bulk diffusion (Ea, τD), surface heat of adsorption (∆Hs
ads), uptake surface barrier (Ea,s, 
τs), release surface barrier (Ea,-s, τ−S), and heat of adsorption (∆H
ads). B. During uptake (blue), surface 
pore blockages cause a molecule to adsorb, undergo surface diffusion until finally locating and entering 
into an open pore. During the release from the zeolite (red), a molecule diffuses to the surface after which 
it must continue to diffuse within the lattice until locating and exiting an open pore. 
2.5.2. Transport Barriers 
Barriers to intracrystalline diffusion have been proposed in numerous forms ranging from the 
intergrowths, internal grain boundaries and pore saturation to kinetically-limited adsorption/desorption, 
surface pore narrowing and surface pore blockages. Surface barriers and their potential applications to the 
microporous materials examined in this study are explored here and summarized in Table 2.3. 
 
Table 2.3 Proposed Mechanisms of Surface Barriers and Associated Kinetic Criteria. 
Mechanism/ Limitation Criteria Met 
Criteria  
Not Met 
Conclusion 
Internal Barriers 
Subcrystal grain boundaries, 
intergrowths and internal defects slow 
intracrystalline transport. 
Dapp < 𝐷 
Eapp = constant 
D ≠  𝑓(R) 
Does not account for 
size dependence. 
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Adsorption/ Desorption  
(Yasuda Surface Resistance)  
Timescale associated with 
adsorption/desorption to the outer 
surface from the gas phase is slow 
relative to internal diffusion. 
τapp = 𝑓(R) = 
R2
D
+
1
kaP
+
1
kd
 
ka ≠ 𝑓(R) 
kd ≠ 𝑓(R) 
D ≠ 𝑓(R) 
kaP ≪ 10
13 s−1 
Does account for size 
dependence.  
 
Surface parameters do 
not scale properly. 
Pore Narrowing 
Surface pores are narrowed/partially 
obstructed causing an energetic barrier to 
penetrate the surface. 
τapp = 𝑓(R) = 
R2
D
+
1
kaP
+
1
kd
 
 
ks ≠ k−s 
Ea,−s > Ea 
Does account for size 
dependence.  
Surface kinetics are not 
symmetrical. 
Increase to energetic 
barrier is not observed. 
Pore Blockage 
A substantial fraction of pores are 
blocked at the surface, causing an 
increase in the diffusional length scale 
associated with release 
τapp = 𝑓(R) = 
R2
D
+
1
kaP
+
1
kd
 
ks ≠ k−s 
Ea = E−s > Es 
- 
Does account for size 
dependence and 
asymmetric surface 
barriers with energetics 
described by 
intracrystalline diffusion 
barriers and adsorption 
enthalpies. 
  
*Internal Barriers. Intrinsic internal barriers are proposed to exist resulting from particle 
synthesis during crystal growth of MFI-structured zeolites.45-46 Silicalite-1 is not a single crystal but rather 
is composed of several subcrystals whose interface presents an internal grain boundary with pore 
misalignments as small as 0.5-2°.47 Additionally, both intergrowths and internal defects are possible 
within single particles. While such internal barriers are present and likely contribute to the 
macroscopically observed rate, they are not thought to lead to the drastic size-dependent inhibition 
observed in these experiments and others.6  
*Surface Barriers: Energetic An activation barrier exists for a molecule being transported from 
a bulk gas to the inner surface of a zeolite prior to entering the purely intracrystalline transport domain. 
During uptake, a molecule travels in the gas phase to the particle, adsorbs to the outer surface, re-orients 
and enters into a pore. Though usually considered fast (surface permeability ~ 10-5 - 10-7 cm/s) 37 when 
compared to configurational diffusion (< 10-6 cm2/s) ,48 it can present a possible rate limitation for small 
particles. As concentrations are dilute, no substantial boundary layer is expected, making the first possible 
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rate limitation associated with the adsorption and desorption of a molecule from the gas phase in close 
proximity to the outer solid surface. For zeolite systems, this rate is captured by the Langmuir relationship, 
where τs = (
1
kaP
+
1
kd
). In the case of this study, typical values of this time constant range from 100 – 102 
s, which is shorter than the smallest diffusional time (τD > 10
2 s), again validating the assumption of 
equilibrium between the surface and the gas phase.  
The final step is associated with the both enthalpic and entropic molecular confinement at or near 
the pore surface. The enthalpic contribution to the rate of pore entering is associated with the guest 
molecule (cyclohexane, critical diameter = 6.0-6.9 Å, kinetic diameter = 5.7 Å)35 undergoing a high 
energy transition to enter within the micropores of silicalite-1 (~5.5 Å).49  
The entropic contribution of molecules entering pores, which is thought to apply during uptake, 
can potentially lead to a decrease in the pre-exponential for diffusion as described by Ford et al.50 and the 
relationship,51 
D0 =
a2 w(T)
2π
exp (−
ΔS(T)
kB
) 31 
 
Molecular rearrangement is expected to reduce the pre-exponential for diffusion during the uptake 
process, as no such rearrangement is needed upon release. Additionally, the temperature contribution to 
the diffusion coefficient from the pre-exponential is not dominant when compared to the enthalpic 
effect(exp (−
Ea
RT
)) , and therefore the observed temperature dependence should remain attributed to 
intracrystalline diffusion. In this work, it is shown that the activation energy to enter the pores (Ea,s = 20.8 
kJ/mol) is substantially less than that of intracrystalline diffusivity (Ea = 53.9 kJ/mol), indicating that the 
mechanism for pore blockage during uptake is likely not due to molecular rearrangement. 
Enthalpic barriers during uptake are possible in the case of surface pore narrowing (i.e. structural 
changes to pores at the surface).52-53 In this case, deviation from the MFI structure at the surface could 
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result in a higher energy barrier through a surface defect (Ea,s > Ea). However, previous experimental 
work studying the desorption process (ZLC) has demonstrated that no significant difference in activation 
energies was observed between particles exhibiting surface barrier transport control (small particles) and 
those exhibiting purely intracrystalline diffusion control (large particles).6 This result is again affirmed 
here, where the activation energy for the intracrystalline diffusivity is comparable to the rate constant 
describing release from the surface (E-s = 54.1 kJ/mol ~ Ea = 53.9 kJ/mol), and less than that into the 
surface (Es = 20.8 kJ/mol < Ea = 53.9 kJ/mol). For these reasons, it is concluded that the elementary step 
governing release of molecules from the intracrystalline domain to the bulk gas at the surface is likely 
similar to the mechanism of mass transfer by intracrystalline diffusion (and different from the mechanism 
describing entering into the surface).  
*Surface Barriers: Structural. Simply put, surface pore blockages can be present when surface 
defects block the entrance to micropores such that diffusing guest molecules cannot enter/exit. In this case, 
the flux into a surface is controlled by adsorption, surface diffusion to an open pore and entering into the 
pore. Flux out of a particle through a surface is controlled by intracrystalline diffusion until a molecule 
reaches an open pore at the surface. The former is observed to be rate controlling in guest uptake, while 
the latter is observed during release. By using the frequency response technique with the T-Q model, the 
two processes are decoupled at the surface, and the kinetic constants and activation energies are 
determined. As depicted in Figure 2.8, molecules diffusing out of the pores encounter an additional 
diffusional path length, δ, which presents as a slower macroscopically observed transport rate 
(𝜏 =
𝑅2
𝐷
+
𝛿2
𝐷
) . The additional length does not, however, affect the activation energy, because the 
mechanism of transport remains the same. In the uptake case, the observed transport time scale is 
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associated with a molecule adsorbing to the external surface, diffusing to an open pore, and entering the 
pore. 
The exact nature or structural contribution of surface pore blockages is difficult to elucidate 
experimentally. This challenge arises from an inability to fully characterize surface termination of the 
crystalline structure which results from crystal growth. The manifestation of surface blockages could arise 
from several types of structural defects. Firstly, large areas of uncoordinated lattice or amorphous silica 
may exist in patches on the surface such that entire regions are blocked, causing patches of surface barriers. 
Alternatively, pore blockages could be distributed across the particle surface by surface terminated 
configurations that block pores or obstruct molecules from exiting a pore at the surface.  
The presence of surface defects resulting from amorphous or unaligned islands on the surface has 
been discussed in literature in varying contexts (defects, terraces, islands, nanoparticle aggregation, 
growth mechanism).27, 43, 54-57 Such defects are shown to arise in some cases from interpenetrating 
dangling silanol bonds causing terraces at the surface.27 However, these features constitute a relatively 
small fraction of total surface pores, and pore blockages across a wider area must be considered.44 
The work of Kärger and co-workers has described the presence of physical surface pore blockages 
as a possible mechanism for describing this surface resistance to diffusion in microporous materials.37, 44, 
58-60 In MFI, it was proposed that most of the surface pores exhibit blockages, with only a very small 
fraction allowing transport through the surface.37 Such blockages are proposed to be surface structure 
dependent, and thus the fraction of blocked pores is expected to remain constant, irrespective of particle 
size. Furthermore, a comparison of transport rates across “cracks” in the bulk portion of a zeolite (fully 
open pores) versus the outer surface pores reveals slower transport across the as-synthesized surface.54 
Surface etching has been shown to have no effect on these more prominent barriers.54 
The observed hindered surface permeability is consistent with the theory that pore blockages arise 
from random surface terminations/amorphous blockages, where the outermost pores differ structurally 
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from the bulk.61. With current imaging techniques, however, surface terminations are difficult to visualize 
experimentally, and the presence of sub-nanometer defects at the surface is not commonly characterized. 
Experimental techniques including atomic force microscopy (AFM),27, 55, 62 scanning electron microscopy 
(SEM),56, and high resolution transmission electron microscopy (HRTEM)55, 62-63 have been used to 
resolve the post-synthesis surface structure of zeolites, with the best resolution being on the order of 
several angstroms. While large facets including crystal faces, steps, islands, and grain boundaries are 
observed on the order of nanometers, surface termination, pore openings, and small defects leading to 
blockage are considerably more difficult to capture. Existing experimental techniques are unable to 
definitively describe surface termination and pore blockages on the surface of zeolites.64 This level of 
description requires resolution of one angstrom or less due to observe the small pore size of the ten-
member MFI rings (5.6 Å). Additionally, it has also been proposed that the use of TEM and STEM to 
examine the surface of crystals for pore blockage or restrictions will provide an artificially clean appearing 
surface due to the ability of the technique to penetrate the surface.56 It should be noted that besides 
structural defects, the change of zeolite lattice (symmetry transition, Si-O-Si angle) upon adsorption of 
diffusing molecules can also create the “effective” pore blockage near the surface. Further works with IR 
and In-situ XRD techniques are required.  
Theoretical studies have attempted to describe the growth and surface termination of zeolites. The 
structure of the pores at the surface is believed to be a direct result of the final growth termination steps 
during particle synthesis. Recent work by Lupelescu and Rimer has utilized in situ atomic force 
microscopy (AFM) to examine the layered growth mechanism and confirm the initial deposition of a silica 
nanoparticles followed directed rearrangement of the amorphous silica to the MFI structure.57 The 
resulting surface represents a thermodynamically stable termination of the dangling Si-O bonds. The pores 
at the surface are modeled computationally using free energy surface minimization techniques, allowing 
for the prediction of surface termination structures.65-66 In MFI, the use of FTIR microscopy on the surface 
38 
 
of silicalite-1 has explored the defect density, and determined that locally spaced silanol groups are likely 
hydrogen bonded.27 This bridging across so-called ‘defects,’ may lead to pore blockages. At this point, a 
significant gap exists in the literature with respect to both direct experimental visualization and indirect 
theoretical calculations of surface pore blockages in zeolites.  
2.6. Implications to Hierarchical Materials 
Moving forward, surface barriers will have profound impact on the use of zeolites in hierarchical 
materials where the diffusional length scales are drastically decreased with the introduction of mesopores. 
In such materials, groups are able to synthesize microporous materials with length scales on the order of 
a single lattice cell (~2 nm, MFI).7, 17, 20 While from a practical standpoint, these materials are observed 
to exhibit substantially improved mass transport properties when compared to traditional large particle 
zeolites, significant limitations have been shown to still exist.7 By extracting the measured time constants 
for the series transport steps described in this work, a relationship is constructed relating the timescale 
associated with penetrating the surface barrier to that of the bulk particle. Figure 2.9 shows the 
experimental values for the cyclohexane/silicalite-1 system at several temperatures and particle sizes. As 
particle size decreases, a linear relationship is observed versus particle size, as expected by an 
intracrystalline diffusion controlled system where the time constant scales with the square of particle size. 
Plotted at smaller particle sizes, however, are calculated time constants for the hierarchical particles 
(3DOm-i and SPP). These materials tend toward a purely surface-controlled case which has been shown 
to be rate dominating in these small particles. While the establishment of the asymmetric structural surface 
barrier described in this work moves toward understanding the transport limitations at the surface of 
39 
 
zeolites, further understanding is needed to elucidate the cause and means of removal of such barriers, 
thus allowing mesoporous materials to achieve their full potential. 
 
Figure 2.9 Surface and Bulk Mass Transfer Time Constants for Mesoporous Materials. 
Experimentally measured time constants allow for determination of relative surface barriers (closed 
symbols) in silicalite-1. Surface limitations in microporous materials is shown to be rate relevant in small 
particles, and calculations for hierarchical materials (open symbols) including the 3DOm-i and Pillared 
materials are predicted to experience transport rates dominated by surface barriers. 
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2.7. Notations 
A                     Outer surface concentration.  
B                      Inner surface concentration. 
C  Concentration within zeolite particle. 
Ce  Concentration at Equilibrium. 
c̅  Dimensionless concentration. 
?̃?  Laplace transform of dimensionless concentration. 
D  Diffusivity. 
E  Activation Energies. 
f  Defined as f ≡ 𝑐̅η. 
f̃  Laplace transform of f. 
G  Transfer function ≡
p̃
ṽ
 
Js  Surface flux. 
JD  Diffusion flux. 
ks  Uptake mass transfer coefficient. 
k−s  Release mass transfer coefficient. 
𝐾𝐻  Henry’s constant. 
𝐾  Defined as 𝐾 ≡
ℛTVs
Ve
KH in the base case and 𝐾 ≡
𝑁𝑉𝑠𝐶𝑒
𝑛𝑒
.in the T-Q model. 
N  Number of zeolite particles. 
𝑃  Pressure of the system. 
𝑃𝑒  Pressure at Equilibrium. 
?̃?  Laplace transform of pressure. 
p̅  Dimensionless pressure. 
p(t)  Pressure amplitude ratio. 
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Q  Defined as Q =
v̅
p̅
− 1. 
𝑠  Laplace variable. 
𝑉𝑠  Volume of zeolite particle. 
V  Volume of the system. 
Ve  Volume at equilibrium 
v  Volume amplitude ratio. 
ṽ  Laplace transform of volume 
𝑋′  Amount of species in gas phase. 
𝑋  Amount of species in solid phase. 
η  Dimensionless length  ≡
r
R
. 
            η∗  Defined as η∗ = √
ω∗
2
. 
𝜆  Dimensionless number≡
𝑡𝐷
𝑡𝑠
. 
τ  Dimensionless time scale.  
φ  Phase lag. 
ω  Angular frequency. 
ω∗  Reduced angular frequency. 
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2.8. Appendix: Supporting Information 
2.8.1. Section S1. Yasuda’s Base Model - Mathematical Derivation 
X ⇌ A ⇌ C 
The first step (adsorption) is very fast, and the rate is therefore controlled by intracrystalline 
diffusion. 
Solving for the Concentration Profile within the Crystal Domain 
Fick’s law 
∂C
∂t
=
D
r2
∂
∂r
(r2
∂C
∂r
) 
 
S1.1  
 
Boundary Conditions (Symmetry condition +Henry’s law): 
∂C
∂r
|
r=0
= 0, Cr=R − Ce = KH(P − Pe) S1.2  
Dimensionless Form: 
η =
r
R
, τ =
Dt
R2
, c̅ ≡
C − Ce
Ce
 S1.3  
∂c̅
∂τ
=
1
η2
∂
∂η
(η2
∂c̅
∂η
) S1.4  
 Boundary Conditions 
∂c̅
∂η
|
η=0
= 0, cη=1 = (
KHPe
Ce
) p̅ S1.5  
To simplify, assume, 
c̅ =
f(η, τ)
η
 S1.6  
Eq. S1 becomes: 
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∂f
∂τ
=
∂2f
∂η2
 S1.7  
Apply Laplace Transform to Solve PDE 
Lτ [
∂f
∂τ
] = Lτ [
∂2f
∂η2
] , f̃ ≡ ∫ f exp[−sτ] dτ
∞
0
 S1.8  
∫
∂f
∂τ
exp(−sτ ) dτ
∞
0
= ∫
∂2f
∂η2
exp(−sτ) dτ
∞
0
 S1.9  
For left hand side, integration by parts: 
∫
∂f
∂τ
exp(−sτ) dτ
∞
0
= ∫ {∂f exp(−sτ )} 
∞
0
 S1.10  
LHS = f exp(−sτ )|0
∞ −∫ {fd(exp(−sτ ))} 
∞
0
= s∫ {f exp[−st] dt} 
∞
0
= sf̃ S1.11  
For right hand side: 
∂2
∂η2
∫ f exp(−sτ) dτ
∞
0
=
∂2f̃
∂η2
 S1.12  
Laplace Transformed PDE 
sf̃ =
∂2f̃
∂η2
 S1.13  
General Solution of Eq.S13: 
f̃(η) = K1 cosh(√s η) + K2 sinh(√s  η) S1.14  
c̃ =
f̃
η
= c̃ =
1
η
[K1 cosh(√s η) + K2 sinh(√s η)] S1.15  
Apply BC’s 
At the center of the sphere, concentration has to be finite, so 
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K1 = 0 S1.16  
Equilibrium BC 
c̃(η = 1) = K2 sinh(√s ) = p̃ S1.17  
Solution 
c̃(η) =
p̃
η
sinh(√s η)
sinh(√s )
 S1.18  
Mass Balance 
d𝑋′
dt
+
dX
dt
= 0, X = N∫  C(r, t)dV
R
0
 S1.19  
Where 𝑋′ is the amount of species in the gas phase, X is that within the zeolite. 
Assume ideal gas, 
d
dt
(
PV
ℛT
) +
dX
dt
= 0 S1.20  
1
ℛT
{PV′ + P′V} +
dX
dt
= 0 S1.21  
For frequency response: 
V = Ve(1 − v(t)),
dV
dt
= −Ve  
dv
dt
 S1.22  
P = Pe(1 + p(t)),
dP
dt
= Pe
dp
dt
 S1.23  
Substitute Eq.S22 and S23 into Eq.S21: 
PeVe
RT
{(1 + p) (−
dv
dt
) + (
dp
dt
 ) (1 − v)} +
dX
dt
= 0 S1.24  
Because a small volume change,  
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1 + p ≅ 1, 1 − v ≅ 1 S1.25  
Eq.S1. 24 becomes: 
PeVe
ℛT
{(
d(−v)
dt
) + (
dp
dt
 )} +
d(X − Xe)
dt
= 0, ne =
PeVe
ℛT
 S1.26  
ne
d(−v)
dτ
+ ne
dp
dτ
+
d(X − Xe)
dτ
= 0 S1.27  
Applying a Laplace Transform to Eq.S1.27, 
ne∫
d(−v)
dτ
exp[−sτ] dτ
∞
0
+ ne∫
d(p)
dτ
exp[−sτ] dτ
∞
0
+∫
d(X − Xe)
dτ
exp[−sτ] dτ
∞
0
= 0 
S1.28  
ne[−sṽ] + ne[sp̃] + s(X̃ − Xẽ) = 0, X̃ − Xẽ = CeC̃ S1.29  
Substitute internal concentration profile forX̃ − Xẽ,  
ne[−sṽ + 1] + ne[sp̃ − 1] + s {NCe∫ C̃dV
V
0
} = 0 S1.30  
ne[−sṽ + sp̃] + s {NCe∫
p̃
η
sinh(√s η)
sinh(√s )
d (
4
3
πr3)
R
0
} = 0 S1.31  
Where N is the number of zeolite particles. 
ne[−sṽ + sp̃] + s {NCe4πR
3∫
p̃
η
sinh(√s η)
sinh(√s )
η2dη
R
0
} = 0 S1.32  
ne[−sṽ + sp̃] + s {
NCe4πR
3p̃
sinh(√s )
∫ η sinh(√s η) dη
1
0
} = 0 S1.33  
Integration by parts: 
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ne[−sṽ + sp̃] + s {
NCe4πR
3p̃
sinh(√s )
[
η
√s
cosh(√sη)|
0
1
−∫ cosh(√sη) d (
η
√s
)
1
0
]}
= 0 
S1.34  
ne[−sṽ + sp̃] + s {
NCe4πR
3p̃
sinh(√s )
[
η
√s
cosh(√sη)|
0
1
−∫
cosh(√sη)
√s
dη
1
0
]} = 0 S1.35  
ne[−sṽ + sp̃] + s {
NCe4πR
3p̃
sinh(√s )
[
1
√s
cosh(√s) −
0
√s
cosh(0) −
1
s
sinh(√sη)
0
1
]}
= 0 
S1.36  
ne[−sṽ + sp̃] + s {
NCe4πR
3p̃
sinh(√s )
[
1
√s
cosh(√s) −
0
√s
cosh(0) −
1
s
sinh(√s)]}
= 0 
S1.37  
ne[−sṽ + sp̃] + s {
NCe4πR
3p̃
sinh(√s )
[
1
√s
cosh(√s) −
0
√s
cosh(0) −
1
s
sinh(√s)]}
= 0 
S1.38  
ne[−sṽ + sp̃] + s {NCe4πR
3p̃ [
1
√s
coth(√s) −
1
s
]} = 0 S1.39  
ṽ = p̃ +
NCe4πR
3p̃
ne
[
1
√s
coth(√s) −
1
s
] S1.40  
Define G(s) as transfer function: 
G(s) =
p̃
ṽ
= {1 +
NCe4πR
3
ne
[
1
√s
coth(√s) −
1
s
]}
−1
 S1.41  
G(s) =
p̃
ṽ
= {1 +
KHPe
Ce
NCe4πR
3
PeVe ℛT⁄
[
1
√s
coth(√s) −
1
s
]}
−1
 S1.42  
G(s) =
p̃
ṽ
= {1 +
N4πR3KHℛT
Ve
[
1
√s
coth(√s) −
1
s
]}
−1
 S1.43  
Define  
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K =
N4πR3KHℛT
3Ve
=
ℛTVs
Ve
KH S1.44  
Eq. S1.43 becomes: 
G(s) =
p̃
ṽ
= {1 + 3K [
1
√s
coth(√s) −
1
s
]}
−1
 S1.45  
Next, Eq.S1.45 has to be converted into regular domain by applying inverse Laplace transform. 
For Frequency response, concentration inside the particle can be expressed as: 
C = Ce{1 + Ceexp(i(ω
∗τ + φ − φ1)} 
c̅ = {exp(i(ω∗τ + φ − φ1))} 
S1.46  
Where φ donates phase lag of pressure response, φ1 is the phase lag of concentration. ω
∗is the 
dimensionless form of angular frequency.  
From general definition of laplace transform, we have,  
∂c̅
∂t
= iωexp(i(ω∗τ+ φ− φ
1
) S1.47  
 Lτ [
∂c̅
∂t
] = ∫ exp(−sτ)
∞
0
iω∗exp (i(ω∗τ + φ− φ
1
)) dτ = iω∗c̃ S1.48  
From Eq. S1.11, 
Lτ [
∂c̅
∂t
] = sc̃ S1.49  
Combine Eq.S1.48 and Eq.S1.49, we have, 
s = iω∗, ω∗ =
ωR2
D
 S1.50  
Eq. S1.50 indicates that to do the inverse Laplace transform, we can simply replace Laplace 
variable s with reduced angular frequency iω∗. Thus, the inverse Laplace transform of Eq.S1.43 can be 
expressed as, 
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Q =
v̅
p̅
− 1 = 3K [
1
(1 + i)η∗
coth((1 + i)η∗) −
1
(1 + i)2η∗2
] S1.51  
where,  
η∗ = √
ω∗
2
 S1.52  
Separate the real and imaginary parts of transfer function G, 
Re(G) =
Q + Q∗
2
 S1.53  
Re(G)
=
3
2
K {[
1
(1 + i)η∗
coth((1 + i)η∗) +
i
2η∗2
] + [
1
(1 − i)η∗
coth((1 − i)η∗) +
−i
2η∗2
]} 
S1.54  
Re(G) =
3
2
K {[
coth((1 + i)η∗)
(1 + i)η∗
] + [
coth((1 − i)η∗)
(1 − i)η∗
]} 
S1.55  
Re(G) =
3
2
K {
coth((1 + i)η∗) (1 − i) + coth((1 − i)η∗)(1 + i)
(1 + i)(1 − i)η∗
} 
S1.56  
Re(G) =
3
2
K {
(1 − i) coth((1 + i)η∗) + (1 + i) coth((1 − i)η∗)
2η∗
} 
S1.57  
Re(G) =
3
4η∗
K {
(1 − i) cosh((1 + i)η∗)
sinh((1 + i)η∗)
+
(1 + i) cosh((1 − i)η∗)
sinh((1 − i)η∗)
} 
S1.58  
Re(G) =
3
4η
K   
{
(1 − i) cosh((1 + i)η∗) sinh((1 − i)η∗) + (1 + i) cosh((1 − i)η∗) sinh((1 + i)η∗)
sinh((1 + i)η∗) sinh((1 − i)η∗)
} 
S1.59  
Re(G) =
3K
4η
{
NUM
DEN
} S1.60  
DEN = sinh((1 + i)η∗) sinh((1 − i)η∗) S1.61  
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DEN = [
exp[(1 + i)η∗] − exp[−(1 + i)η∗]
2
] ∙ [
exp[(1 − i)η∗] − exp[−(1 − i)η∗]
2
] S1.62  
DEN = [
exp[2η∗] − exp[−(2i)η∗] − exp[(2i)η∗] + exp[−2η∗]
4
] S1.63  
DEN =
1
2
[cosh(2η∗) − cosh(i2η∗)] =
1
2
[cosh(2η∗) − cos(2η∗)] S1.64  
 
Similar procedure for numerator, 
NUM = sinh(2η) − sin(2η) S1.65  
Re(Q) =
3K
2η
{
sinh(2η) − sin(2η)
cosh(2η) − cos(2η)
} S1.66  
 
Note: same procedure for the imaginary 
Im(Q) = −
3K
η
{
1
2
[
sinh(2η) + sin(2η)
cosh(2η) − cos(2η)
] −
1
2η
} S1.67  
 
In phase and out-of phase function of base case: 
Q = {
Re(Q) =
v
p
cos(ϕ) − 1
−Im(Q) =
v
p
sin(ϕ)
 S1.68  
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2.8.2. Section S2. T-Q Model – Mathematical Derivation 
Assumptions: 
• A + B = CR 
• Because small fluctuations in Js,  Js ≅ 0 
Mass Balance around a zeolite particle: S’ 
∂C
∂t
=
D
r2
∂
∂r
(r2
∂C
∂r
) S 2.1 
Where C(r,t) is the adsorbed concentration  
Boundary Conditions 
Symmetry at center 
∂C
∂r
|
r=0
= 0 S 2.2 
Equilibrium at surface 
Flux From Diffusion 
JD = −D 
dC
dr
|
R
[=]
mol
s ∙ m2
 S2.3 
Surface Barrier Flux  
Assume mass transfer coefficient, not Langmuir. 
Js = ks (
4
3πR
3
4πR2
)A − k−s(
4
3πR
3
4πR2
)B S 2.4 
𝐽𝑠 = 𝑘𝑠
𝑅
3
𝐴 − 𝑘−𝑠
𝑅
3
𝐵 S 2.5 
Assumption 4 in the main text 
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𝐶𝑅 = 𝐵 + 𝐴 
S 2.6 
𝐽𝑠 = 𝑘𝑠
𝑅
3
𝐶𝑅 − (𝑘−𝑠 + 𝑘𝑠)
𝑅
3
𝐵 S2.7 
When 𝐽𝑠 = 0, 𝐴𝑒 =
𝑘−𝑠
𝑘𝑠
𝐵𝑒 
Since small change from equilibrium (assumption 3 in the main text). 
𝐴 =
𝑘−𝑠
𝑘𝑠
𝐵 S 2.8 
𝐽𝑠 = 𝑘𝑠
𝑅
3
𝐶𝑅 − (𝑘−𝑠 + 𝑘𝑠)
𝑅
3
𝑘𝑠
𝑘−𝑠
𝐴 S 2.9 
Applying Henry’s Law: 
𝑑(𝑉𝑠𝐴)
𝑑𝑃
= 𝐾𝐻, 𝑉𝑠(𝐴 − 𝐴𝑒) = 𝐾𝐻(𝑃 − 𝑃𝑒), 𝐴 =
𝐾𝐻
𝑉𝑠
(𝑃 − 𝑃𝑒) + 𝐴𝑒 S 2.10 
𝐽𝑠 = 𝑘𝑠
𝑅
3
𝐶𝑅 − (𝑘−𝑠 + 𝑘𝑠)
𝑘𝑠
𝑘−𝑠
𝑅
3
(𝐴𝑒 +
𝐾𝐻
𝑉𝑠
(𝑃 − 𝑃𝑒)) S 2.11 
𝐶𝑅,𝑒 = 𝐵𝑒 + 𝐴𝑒 
S 2.12 
𝐴𝑒 =
𝑘−𝑠
𝑘𝑠
𝐵𝑒 S 2.13 
𝐴𝑒 =
𝑘−𝑠
(𝑘−𝑠 + 𝑘𝑠)
𝐶𝑅,𝑒 S 2.14 
𝐽𝑠 = 𝑘𝑠
𝑅
3
(𝐶𝑅 − 𝐶𝑒) − (𝑘−𝑠 + 𝑘𝑠)
𝑘𝑠
𝑘−𝑠
𝑅
3
(
𝐾𝐻
𝑉𝑠
(𝑃 − 𝑃𝑒)) S 2.15 
Balance Fluxes 
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𝐽𝐷 = 𝐽𝑠 
S 2.16 
−𝐷 
𝑑𝐶
𝑑𝑟
|
𝑅
= 𝑘𝑠
𝑅
3
(𝐶𝑅 − 𝐶𝑅,𝑒) − (𝑘−𝑠 + 𝑘𝑠)
𝑘𝑠
𝑘−𝑠
𝑅
3
(
𝐾𝐻
𝑉𝑠
(𝑃 − 𝑃𝑒)) S 2.17 
𝑑𝐶
𝑑𝑟
|
𝑅
=
−𝑅
3𝐷
[𝑘𝑠(𝐶𝑅 − 𝐶𝑅,𝑒) − (𝑘−𝑠 + 𝑘𝑠)
𝑘𝑠
𝑘−𝑠
(
𝐾𝐻
𝑉𝑠
(𝑃 − 𝑃𝑒))] S 2.18 
Define following non-dimensional parameters, 
𝜂 =
𝑟
𝑅
, 𝜏 =
𝑡
𝑡𝐷 + 𝑡𝑆
=
𝑡
𝑅2
𝐷 +
1
𝑘𝑠 + 𝑘−𝑠
=
𝐷𝑡
𝑅2
(1 +
1
𝜆
)
−1
 , 𝜆 =
𝑡𝐷
𝑡𝑠
= (
𝐷
𝑅2
1
𝑘𝑠 + 𝑘−𝑠
)
−1
,  ?̅? ≡
𝐶 − 𝐶𝑒
𝐶𝑒
 
𝜆
1 + 𝜆
𝜕𝑐̅
𝜕𝜏
=
1
𝜂2
𝜕
𝜕𝜂
(𝜂2
𝜕𝑐̅
𝜕𝜂
) S 2.19 
Define 
𝑐̅ =
𝑓(𝜂, 𝜏)
𝜂
 S 2.20 
𝜆
1 + 𝜆
𝜕𝑓
𝜕𝜏
=
𝜕2𝑓
𝜕𝜂2
 S 2.21 
 
Apply Laplace Transform to Solve PDE 
 
𝐿𝜏 [
𝜆
1 + 𝜆
𝜕𝑓
𝜕𝜏
] = 𝐿𝜏 [
𝜕2𝑓
𝜕𝜂2
] , 𝑓 ≡ ∫ 𝑓 𝑒𝑥𝑝[−𝑠𝜏] 𝑑𝜏
∞
0
 S 2.22 
 
Similar to Yasuda’s base model, 
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?̃? =
1
𝜂
[𝐾1 𝑐𝑜𝑠ℎ (√
𝜆
1 + 𝜆
𝑠 𝜂) + 𝐾2 𝑠𝑖𝑛ℎ (√
𝜆
1 + 𝜆
𝑠 𝜂)] S 2.23 
𝑑?̃?
𝑑𝜂
=
1
𝜂2
[(𝐾1𝜂 √
𝜆
1 + 𝜆
𝑠 − 𝐾2)𝑠𝑖𝑛ℎ (𝜂√
𝜆
1 + 𝜆
𝑠)
+ (𝐾2𝜂 √
𝜆
1 + 𝜆
𝑠 − 𝐾1)𝑐𝑜𝑠ℎ (𝜂√
𝜆
1 + 𝜆
𝑠)] 
S 2.24 
Apply BC’s 
At 𝜂 = 0, ?̃?  must be finite, therefore 
𝐾1 = 0 
S 2.25 
Surface BC 
𝑑𝐶
𝑑𝑟
|
𝑅
=
−𝑅
3𝐷
[𝑘𝑠(𝐶𝑅 − 𝐶𝑅,𝑒) − (𝑘−𝑠 + 𝑘𝑠)
𝑘𝑠
𝑘−𝑠
(
𝐾𝐻
𝑉𝑠
(𝑃 − 𝑃𝑒))] S 2.26 
Dimensionless form: 
𝑑 𝐶̅
𝑑𝜂 
|
𝜂=1
=
𝑅2
−3𝐷
[𝑘𝑠𝐶̅ − (𝑘−𝑠 + 𝑘𝑠)
𝑘𝑠
𝑘−𝑠
𝐾𝐻
𝑉𝑠
𝑃𝑒?̅?
𝐶𝑒
],   S 2.27 
𝐾𝐻𝑃𝑒 = 𝐴𝑒 =
𝑘−𝑠
(𝑘−𝑠 + 𝑘𝑠)
𝐶𝑒 S 2.28 
𝑑?̃?
𝑑𝜂 
|
𝜂=1
= −
𝑅2
3𝐷
𝑘𝑠(?̃? − ?̃?) S 2.29 
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𝜕?̃?
𝜕𝜂
|
𝜂=1
=
1
𝜂2
[(𝐾1𝜂 √
𝜆
1 + 𝜆
𝑠 − 𝐾2)𝑠𝑖𝑛ℎ (𝜂√
𝜆
1 + 𝜆
𝑠)
+ (𝐾2𝜂 √
𝜆
1 + 𝜆
𝑠 − 𝐾1)𝑐𝑜𝑠ℎ (𝜂√
𝜆
1 + 𝜆
𝑠)] = −
𝑅2
3𝐷
𝑘𝑠(?̃? − ?̃?) 
S 2.30 
[(−𝐾2) 𝑠𝑖𝑛ℎ (√
𝜆
1 + 𝜆
𝑠) + (𝐾2 √
𝜆
1 + 𝜆
𝑠) 𝑐𝑜𝑠ℎ (√
𝜆
1 + 𝜆
𝑠)]
= −
𝑅2
3𝐷
𝑘𝑠 (
1
𝜂
𝐾2 𝑠𝑖𝑛ℎ (√
𝜆
1 + 𝜆
𝑠 𝜂) − ?̃?) 
S 2.31 
𝐾2
=
𝑅2
3𝐷
𝑘𝑠  [− 𝑠𝑖𝑛ℎ (√
𝜆
1 + 𝜆
𝑠) + √
𝜆
1 + 𝜆
𝑠 𝑐𝑜𝑠ℎ (√
𝜆
1 + 𝜆
𝑠)
+
𝑅2
3𝐷
𝑘𝑠 𝑠𝑖𝑛ℎ (√
𝜆
1 + 𝜆
𝑠)]
−1
 
S 2.32 
Substituting back into the solution, 
?̃?
=
1
𝜂
[
𝑅2
3𝐷
𝑘𝑠?̃?  𝑠𝑖𝑛ℎ (√
𝜆
1 + 𝜆
𝑠 𝜂)] [− 𝑠𝑖𝑛ℎ (√
𝜆
1 + 𝜆
𝑠)
+ √
𝜆
1 + 𝜆
𝑠 𝑐𝑜𝑠ℎ (√
𝜆
1 + 𝜆
𝑠)
𝑅2
3𝐷
(𝑘𝑠 𝑠𝑖𝑛ℎ (√
𝜆
1 + 𝜆
𝑠)]
−1
 
S 2.33 
Mass balance within the Chamber: 
55 
 
𝑑𝑋′
𝑑𝑡
+
𝑁𝑑(𝑋)
𝑑𝑡
= 0 S 2.34 
Where 𝑋′ is the amount of species in the gas phase, 𝑋 is the amount of species within the zeolite, 
and N is the total number of zeolite particles. 
𝑑𝑋′
𝑑𝑡
+
𝑑
𝑑𝑡
[∫ 𝑁𝐶 𝑑 (
4
3
𝜋𝑟3)
𝑅
0
] = 0 
S 2.35 
From previous solution, 
𝑛𝑒[−𝑠?̃?] + 𝑛𝑒[𝑠𝑝] + 𝑠 {𝑁𝐶𝑒  ∫ ?̃?𝑑𝑉
𝑉
0
} = 0 S 2.36 
−?̃? + 𝑝 + {
𝑁𝐶𝑒
𝑛𝑒
 ∫ ?̃?𝑑𝑉
𝑉
0
} = 0 S 2.37 
Define 
𝑄 =
𝑁𝐶𝑒
𝑛𝑒𝑝
 ∫ ?̃?𝑑𝑉
𝑉
0
=
?̃?
𝑝
− 1 S 2.38 
𝑄 =
𝑁𝑉𝑠𝐶𝑒
𝑛𝑒
𝑅2
𝐷
𝑘𝑠  
{ ∫ 𝜂 𝑠𝑖𝑛ℎ (√
𝜆
1 + 𝜆 𝑠 𝜂) 𝑑𝜂
1
0
}
[− 𝑠𝑖𝑛ℎ (√
𝜆
1 + 𝜆 𝑠) +
√ 𝜆
1 + 𝜆 𝑠 𝑐𝑜𝑠ℎ (
√ 𝜆
1 + 𝜆 𝑠) +
𝑅2
3𝐷 𝑘𝑠 𝑠𝑖𝑛ℎ (
√ 𝜆
1 + 𝜆 𝑠)]
 
S 2.39 
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3𝑁𝑉𝑠𝐶𝑒
𝑛𝑒
𝑅2
3𝐷
(𝑘𝑠)
{
 
 
 
1
√ 𝜆
1 + 𝜆 𝑠
𝑐𝑜𝑠ℎ (√
𝜆
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[− 𝑠𝑖𝑛ℎ (√
𝜆
1 + 𝜆 𝑠) +
√ 𝜆
1 + 𝜆 𝑠 𝑐𝑜𝑠ℎ (
√ 𝜆
1 + 𝜆 𝑠) +
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√ 𝜆
1 + 𝜆 𝑠)]
=
?̃?
𝑝
− 1 
S 2.40 
Define, 𝐾 ≡
𝑁𝑉𝑠𝐶𝑒
𝑛𝑒
  
Numerical solution: 
3𝐾𝑘𝑠
𝑅2
3𝐷
{
 
 
 
1
√ 𝜆
1 + 𝜆 𝑠
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𝜆
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𝜆
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𝜆
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}
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𝜆
1 + 𝜆 𝑠) +
√ 𝜆
1 + 𝜆 𝑠 𝑐𝑜𝑠ℎ (
√ 𝜆
1 + 𝜆 𝑠) + 𝑘𝑠
𝑅2
3𝐷 𝑠𝑖𝑛ℎ (
√ 𝜆
1 + 𝜆 𝑠)
=
?̃?
𝑝
− 1 
S 2.41 
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CHAPTER 3 
THE ADSORPTIVE NATURE OF SURFACE BARRIER IN SILICALITE-1 NANOCRYSTALS 
3.1. Introduction 
To date, the origin of surface barrier has been mostly attributed to the structure inhomogeneity 
near the external surface of zeolites44, 58, 67-68. However, no general consensus has been ever reached thus 
far, and contradictory results were reported in literature. For instance, Teixeira and coworkers interpreted 
the diffusion data of benzene in MFI zeolite using kinetic Monte Carlo (KMC) simulation and concluded 
that if the surface barrier was caused by pore blockage, 99.99% of the pore must be blocked to justify the 
experimental observation69. Further, Bai et al. probed the diffusion of n-hexane in hierarchical self-
pillared pentacil (SPP) zeolite using simulation method. It was observed that even without any structural 
defects, the mass transport of n-hexane is still governed by the presence of surface barrier70. The above-
mentioned studies clearly suggest a surface barrier mechanism that is not from the structural defects of 
the zeolites. In our previous works, we have proposed an effective diffusion length theory that describes 
a nonstructural surface barrier in hierarchical zeolites and zeolite nanocrystals71. In this theory, micropore 
diffusion is proposed to be followed by a non-negligible surface diffusion process due to the strong 
adsorbate/adsorbent interaction, either on the mesopore surface or external surface of zeolites. This 
surface diffusion process, in turn, can cause diffusing molecule to reuptake into micropores and repeats 
the micropore diffusion, leading to a longer diffusion pathway. The effective diffusion length theory 
reveals that surface barrier in hierarchical zeolites and zeolite nanocrystals can be caused from the 
adsorption nature of the external surface, providing important insights into rational design of these 
materials. 
The effective diffusion length theory, however, has not been directly proved from experiments 
due to the lack of adsorption studies. In our previous works71-72, we have not been able to study the 
adsorption of hydrocarbons on zeolites, making it impossible to build conclusive relationship between 
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surface barrier and surface interaction. Recently, we have set up the pulse chromatography instrument 
which allows us to obtain the values of heat of adsorption of hydrocarbons on zeolites. By coupling these 
values with diffusion data, the effective diffusion length theory is confirmed, and the mechanistic 
understanding of surface barrier is taken to the next level. 
  In this work, we aim to further investigate the adsorptive nature of surface barrier by studying 
the mass transport of four different adsorbate molecules (cyclohexane (CHX), methylcyclohexane 
(MCHX), ethylcyclohexane (ECHX), and cis-1,4-dimethylcyclohexane (14DMC)) on silicalite-1 samples 
with the crystal size ranging from 80 nm to 3 µm. A combination of pulse chromatography technique, 
zero length column (ZLC) method, and theoretical calculation was used to relate surface barrier to the 
adsorption of molecules on silicalite-1 surface. For the first time, a dependence of surface barrier on the 
heat of adsorption is observed, strongly supports the presence of a non-structural surface barrier. 
 
3.2.Experimental Section 
3.2.1. Synthesis of Silicalite-1 
Silicalite-1 samples of different crystal sizes were prepared using the method reported in literature7. 
A tetrapropylammonium hydroxide (TPAOH), tetraethylorthosilicate (TEOS), and water synthesis gel 
was charged in a Teflon vessel and aged at 353 K for 24 hr in an oil bath. The gel composition was 1.00 
SiO2: 0.25 TPAOH : x H2O, where x = 11, 38, 60, 400 for 80 nm, 200 nm, 400 nm and 1 µm, respectively. 
The mixture was then transferred into a Teflon-lined stainless autoclave for crystallization at 443 K for 
24 hr. The product was collected and washed with D.I. water by centrifugation until the pH of the 
supernatant was below 9. 3 µm silicalite-1 sample was prepared according to the method reported by 
Agger et al.73. A mixture of TEOS, tetrapropylammonium bromide (TPABr) and NaOH was aged at 323 
K for 8 days with a composition of 1.00 SiO2 : 0.1 TPABr : 0.05 Na2O : 4EtOH : 98 H2O. Thereafter, the 
mixture was heated at 408 K for 50 hr in a Teflon-lined stainless autoclave. The product was washed with 
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D.I. water and dried at 373 K overnight. All the samples were calcined at 923 K for 10 hr to remove the 
organic structure directing agents.  
3.2.2. Characterization of Silicalite-1   
The synthesized samples were characterized by nitrogen adsorption/desorption isotherms, X-ray 
diffraction (XRD) and scanning electron microscopy (SEM). Nitrogen sorption isotherms were carried 
out on a Qutosorb-iQ instrument (Quantachrome) at 77 K. Before measurement, the sample was degassed 
at 575 K until pressure rise in the sample cell was less than 25 mTorr/min. Powder XRD patterns were 
obtained from X’Pert Pro (PANalytical) diffractometer using Cu Kα radiation with a X’celerator detector. 
Data was collected in 2θ range from 4o to 40o. SEM measurements were performed on Magellan 400 (FEI) 
with a field-emission gun operated at 3.0 kV. The sample was sputter coated with Pt before measurement. 
3.2.3. Pulse Chromatography 
The Henry’s law constant, K, was determined by pulse chromatography technique74. The 
schematic of the setup is shown in Figure 3.1. A piece of column was packed with 3 µm silicalite-1 sample 
and incorporated into an Agilent 5890 GC oven. After degassing at 523 K for 3 hr to remove impurities, 
0.1 µL of studied adsorbate solution was injected from an injection port with a carrier flow and the 
breakthrough profile was recorded from GC software. The carrier flow rate was controlled by a mass flow 
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controller. Pipelines were maintained at 80oC to exclude condensations. Operating conditions are 
summarized in Table 3.1 
 
Figure 3.1 Pulse chromatography setup used in this work. (a) Helium carrier gas tank. (b) Mass 
flow controller. (c) Injection port. (d) Packed column. (e) Agilent 5890 GC. (f) Flame Ionized Detector 
(FID). Data acquisition instruments are not shown in the picture. 
 
Table 3.1 Operating conditions for pulse chromatography experiments 
Operating Conditions 
Sample Column Length (cm) 6 
Sample Column Diameter (cm) 0.35 
Voidage (%) 45/59 (3um silicalite-1/silica nanoparticle) 
Flow (sccm) 10-70 
 
The first moment of the breakthrough curve can be expressed as75: 
Where µ is the first moment, which can be obtained from retention time. µ0 is the first moment 
obtained from using blank column. H is the length of column and V is the interstitial gas velocity. ε is the 
𝜇 − 𝜇0 =
∫ 𝑐(𝑡)(𝑡 − 𝑡0)
∞
0
∫ 𝑐(𝑡)𝑑𝑡
∞
0
=
𝐻
𝑉
[1 + (
1 − 𝜀
𝜀
)𝐾] 1 
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voidage of the column. K is the Henry’s law constant in dimensionless form. From Eq.1, the plot of first 
moment versus H/V yields a straight line and the value of K can be determined from the slope.  
3.2.4. Zero Length Column (ZLC) 
The rate of diffusion (D/R2) was measured using ZLC technique. The ZLC setup has been 
extensively described in our previous work6-7. During experiment, a thin layer of adsorbent sample (2-3 
mg) was sandwiched between two porous discs and placed in a GC oven. After degassing at 523 K for 8 
hr, the sample was saturated by flowing a dilute stream of adsorbate. After certain equilibration time, a 
four-way valve is turned, switching to a pure He flow (100 sccm). Desorption of adsorbate was captured 
by measuring the concentration of adsorbate in the gas phase using a flame ionization detector (FID).  
Data analysis of ZLC technique has been discussed in detail from our previous work7. In short, 
the longtime region of desorption curve was extracted and fitted using ZLC long-time method described 
in Eq.2-4. By plotting ln(C/C0) versus time, the value of diffusivity was evaluated from the slope, while 
L can be determined from the intercept. 
 
 
Where c is the gas phase concentration and co is the initial gas phase concentration.  F is the purge 
flow rate, K is the Henry’s law constant, Vs is the adsorbent volume, R is the radius of the zeolite crystal. 
𝑐
𝑐0
=
2𝐿
𝛽1
2 + 𝐿(𝐿 − 1)
exp (−
𝛽1
2𝐷𝑡
𝑅2
) 
2 
𝛽1𝑐𝑜𝑡𝛽1 + 𝐿 − 1 = 0 
3 
𝐿 =
1
3
𝐹
𝐾𝑉𝑆
𝑅2
𝐷
=
𝜏𝐷𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛
𝜏𝑐𝑜𝑛𝑣𝑒𝑛𝑐𝑡𝑖𝑜𝑛
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3.3. Results and Discussion 
The crystallinity of silicalite-1 was characterized by powder XRD, as shown in Figure 3.2. For all 
crystal sizes, only characteristic peaks for MFI morphology are observed from the spectra, confirming 
successful syntheses of silicalite-1 crystals without any other impurities. Figure 3.3 shows the N2 
adsorption/desorption isotherms of studied samples. All samples exhibit type I isotherm with micropore 
uptake at low relative pressures. No hysteresis was observed at moderate relative pressures, indicating the 
absence of mesoporous structure. For 80 nm and 200 nm samples, a steep increase at high pressures is 
observed, attributing to the presence of small interparticle voids. This increase vanishes for large crystals. 
Micropore volume obtained using t-plot method gives micropore volumes of 0.10−0.13 cm3 /g, which are 
normal values for MFI structure. From SEM pictures (Figure 3.4), all samples are found to be uniform 
crystals with desired sizes. Large samples are coffin-like crystals, while small samples exhibit more 
spherical geometry. In summary, powder XRD, N2 adsorption/desorption, and SEM results confirm the 
high quality of silicalite-1 samples used in this work. 
 
Figure 3.2 X-ray diffraction patterns for silicalite-1 samples with 80nm, 200 nm, 400 nm, 1 µm, 
and 3 µm in size.  
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Figure 3.3 Nitrogen adsorption isotherms of silicalite01 samples at 77 K. Values have been offset 
on y axis by 200 cm3/g for each sample. 
 
 
Figure 3.4 SEM pictures of (a) 80 nm silicalite-1, (b) 200 nm silicalite-1, (c) 400 nm silicalite-1, 
(d) 1 µm silicalite-1, and (e) 3 µm silicalite-1. 
 
The Arrhenius plot of diffusion rate (D/R2) of all studied molecules in silicalite-1 samples with 
different crystal sizes is presented in Figure 3.5. In all cases, smaller crystal shows faster diffusion rate, 
supporting that reducing crystal size can indeed enhance the mass transport of zeolites. However, it is 
clear that this increase does not scale with the reduction of crystal size. With the crystal size varies by 
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three orders of magnitude (from 80 nm to 3 µm), the rate of diffusion only spans by one order of magnitude 
(indicated by the red line in the figure). This limited enhancement indicates that the mass transport in 
small silicalite-1 crystal is affected by the presence of surface barrier, regardless of diffusing molecules. 
The enhancement in diffusion rate also shows strong molecular dependence. In the case of ECHX and 
MCHX, no significant increase in the rate of diffusion is observed as the crystal size being reduced from 
200 nm to 80 nm, whereas for CHX and 14DMC, the diffusion rate is doubled. This molecular dependence 
of surface barrier will be discussed later in this section. Moreover, the activation energy remains constant 
with crystal size for all molecules, indicating a common mass transport mechanism shared through 
silicalite-1 samples. This unchanged activation energy excludes the possibility of a secondary mass 
transfer mechanism imposed by the surface, such as in the case of pore narrowing where the mass transport 
is limited by an addition permeation step of molecule through a layer with a narrowed micropores near 
the surface. Instead, it is very likely that surface barrier is just the result of longer micropore diffusion 
pathway, which compromises the benefit of smaller crystal size. Considering the possibility of structure 
defect such as pore blockage prevents the diffusing molecule from exiting the micropore and extends the 
diffusion length, it contradicts the molecular dependence of surface barrier observed here. With the same 
set of silicalite-1 sample, if surface barrier only arises from pore blockage, one should expect the same 
increase in the rate of diffusion, regardless of diffusing molecules. In summary, it can be concluded from 
Figure 3.5 that besides structure defect, surface barrier must arise from other non-structural mechanisms. 
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Figure 3.5 Arrhenius plots of diffusion of (a) Ethylcyclohexame, (b) Methylcyclohexane, (c) 
Cyclohexane, and (d) cis-1, 4 dimethylcyclohexane in silicaite-1 of different crystal sizes. An 
enhancement in D/R2 is observed in smaller samples for all molecules. However, this enhancement 
doesn’t scale with crystal size and behaves differently with molecules. 
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Figure 3.6 Pulse chromatography breakthrough curves of (a) Ethylcyclohexane, (b) 
Methylcyclohexane, (c) Cyclohexane, and (d) cis-1.4 dimethylcyclohexane at different temperatures. 
Solid points are experimental data and lines represent model fit based on eq. 1. First moment shows linear 
increase with L/V in all cases, suggesting the validity of eq.1 in all measurements. 
 
Considering the surface barrier from non-structural perspective, it is possible to hypothesize that 
the surface barrier is related to the adsorbate/adsorbent interaction at the external surface of silicalite-1 
crystal. To demonstrate this hypothesis, the adsorption of molecules on 3 µm silicalite-1 crystal was 
measured using pulse chromatography technique, as discussed in the experimental section. For all 
molecules, the first moment shows linear dependence with L/V at different temperatures (Figure 3.6). This 
result indicates that the use of Eq.1 is valid through studied velocity range. The first moment also exhibits 
temperature dependence because mass transport in zeolite is a temperature activated process. The Henry’s 
law constant derived from this plot is shown in Figure 3.7 (a). From this plot, the heat of adsorption, ΔH, 
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can be extracted from the slope of each curve based on Van’t Hoff equation. Figure 3.7 (b) summarizes 
the value of -∆H along with diffusion activation energy, Ea. The diffusion activation energy was 
calculated using LT method based on the ZLC desorption curves as shown in the supporting information. 
In Figure 3.7 (b), ethylcyclohexane shows both larger value of K and higher -∆H, as compared to other 
molecules. This indicates that ethylcyclohexane has the strongest interaction with silicalite-1 surface. The 
following trend of -∆H is found in this study: ethylcyclohexane (ECHX) > methylcyclohexane (MCHX) 
> cyclohexane (CHX) > cis-1.4 dimethylcyclohexane (14DMC). This trend agrees well with the reported 
work using gravimetric uptake method for the same system42. The increase in -∆H from CHX to ECHX 
is possibly due to more surface interactions associated with the presence of longer alkyl group. A lower 
value of -∆H found in 14DMC suggests that two separate methyl groups in opposite ends of a cis 
configuration impairs the molecule to interact with zeolite. As expected, Ea follows the same order as in 
-∆H, but with much lower values. Micropore diffusion process in zeolites can be described by the so-
called hopping mechanism, where the micropore diffusion is viewed as a series of activated hopping steps 
of diffusing molecule from one adsorption site to another along the micropore surface76-77. The micropore 
diffusion activation energy, Ea, is the energy barrier that the molecule needs to overcome to escape from 
the adoption site. However, this hopping step doesn’t require diffusing molecule to completely desorb 
from the adsorption site, resulting in a lower energy barrier than desorption. It has been observed that the 
activation energy of micropore diffusion is typically about 40%-50% of the heat of adsorption78-79. The 
adsorption of cyclohexane on 3 µm silicalite-1 was also studied using hydrocarbon gravimetric uptake 
technique at different temperatures (Figure 3.8). The adsorption data were fitted using Redlich-Peterson 
model and Freundlich adsorption model and the values of –ΔH were calculated to be 89.8 kJ/mol and 88.9 
kJ/mol, respectively. The values are comparable with the result obtained using pulse chromatography 
(84.2 Kj/mol), further supports the validity of our adsorption results. 
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Figure 3.7 (a) Dimensionless Henry’s constant obtained from pulse chromatography 
measurements for all molecules (b) Calculated heat of adsorption, -ΔH for different adsorbates, compared 
with diffusion activation energy, Ea. The same trend is followed in both heat of adsorption and activation 
energy. The values of Ea are much lower than –ΔH. 
Figure 3.8. Adsorption isotherms measured by hydrocarbon gravimetric technique for cyclohexane 
on 3 µm silicalite-1 at different temperatures. Experimental data (solid symbols) were analyzed using (a) 
Redlich-Peterson model, and (b) Freundlich model.  
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The adsorption of probe molecules on 3 µm silicalite-1, due to large crystal size, occurs 
predominantly on the micropore surface, which may be very different from the adsorption on the external 
surface of the crystal. It is possible that this large discrepancy of adsorption can lead to a misinterpretation 
from experimental data. To exclude this possibility, the same adsorption experiments were repeated on 
non-porous silica nanoparticles, on which the adsorption occurs only on the external surface. Figure 3.9 
shows the comparison of –ΔH for two adsorbent samples. It is found that –ΔH follows the same trend in 
both materials, but with a much lower value for silica nanoparticle. This result indicates that even though 
the strength of adsorption on micropore surface and external surface is different, the molecular 
dependence of adsorption remains the same, and it is still valid to use adsorption data of 3 µm silicalite-1 
sample for qualitative analysis. 
 
Figure 3.9 The comparison of -ΔH on silicalite-1 and silica nanoparticle. The same order of –ΔH 
is observed on both materials. The value of –ΔH on silica nanoparticle is much lower than that on 
silicalite-1, owing to less confinement effect. 
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Figure 3.10 Plot of additional diffusion length (𝛿/R) versus crystal size. The inset image shows 
the comparison of heat of adsorption for different adsorbates. It was observed that additional diffusion 
length increases with heat of adsorption, demonstrating the adsorptive nature of surface barrier. 
Surface barrier was quantitatively evaluated using Eq.5. In this study, the actual micropore 
diffusion length is set to be the sum of the radius of silicalite-1 crystal, R which represents the conventional 
understanding of the micropore diffusion length in zeolites, and the additional length, 𝛿, which reflects 
the magnitude of surface barrier causing additional micropore diffusion. The calculation was performed 
assuming a negligible surface barrier in 3 µm silicalite-1, so that micropore diffusivity, 𝐷𝑚𝑖𝑐𝑟𝑜 can be 
obtained from experimental data using the radius of the crystal as the micropore diffusion length. The 
calculated value of 𝛿/R is shown in Figure 3.10 against the radius of the crystals. In large zeolite crystals, 
external surface only makes up a small fraction of the total surface, makes the contribution of surface 
barrier to the overall mass transport to be not as significant as it is in small zeolites. For this reason, the 
value of 𝛿/R decreases with crystal size, as shown in Figure 3.10. The highest mass transport resistance 
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is observed in ECHX/80 nm silicalite-1 system. In this case, surface barrier extends the diffusion length 
20 times longer than the crystal size, making the diffusion rate (D/R2) 400 times slower than expected. 
The value of 𝛿/R also appears to strictly follow the same trend through all crystal sizes: ECHX > MCHX 
> CHX > 14DMC. Interestingly, when comparing this trend with inset figure, it coincides with the order 
of -∆H. This result clearly indicates that the onset of surface barrier in small silicalite-1 crystals must be 
associated with the interaction of molecule to the zeolite surface.  
 
The role of surface interaction during mass transport in hierarchical zeolites and zeolite 
nanocrystals has been discussed in detail in our previous works71-72. In short, it is possible to consider the 
mass transport in small zeolites as a combination of micropore diffusion and surface diffusion. During 
desorption, diffusing molecule first arrives at the external surface of the zeolite by micropore diffusion. 
Thereafter, this molecule can either desorb from the zeolites, or it continues to diffuse along the external 
surface (surface diffusion). Depends on the strength of the interaction between the adsorbate and 
adsorbent, the likelihood of surface diffusion varies, leading to different diffusion pathways. For 
molecules with weak surface interaction, desorption from surface occurs with more probability than 
surface diffusion. In this case, the mass transport in small crystals is no different from it is in regular 
zeolites, and the surface barrier is not significant. On the contrary, if diffusing molecule bonds strongly 
to the external surface of the zeolites, surface diffusion becomes more favorable. While the molecule 
diffusing along the external surface, it is possible that this molecule transfers back into another micropore 
and repeats the micropore diffusion, increasing the non-structural surface barrier that extend the 
micropore diffusion length. 
𝜏 =
(𝑅 + 𝛿)2
𝐷𝑚𝑖𝑐𝑟𝑜
 5 
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The overall surface barrier in small zeolites can be decoupled into structural surface barrier and 
nonstructural surface barrier. The fraction of each part can be evaluated (Table 3.2) assuming that for 
14DMC, the surface barrier is only from structural defects due to the relatively weak interaction with the 
external surface. While the nonstructural surface barrier is underestimated in the analysis since it must 
also exist in 14DMC/silicalite-1 system, the values, however, can still be used to differentiate different 
surface barrier mechanisms. As shown in Table 3.2, for CHX with a relatively weak surface interaction, 
the majority of the surface barrier during mass transport is from zeolite structure. In this case, structure 
optimization of zeolite crystal should be regarded as the preferred method to faster the mass transport. 
For MCHX and ECHX with strong surface interaction, the surface barrier is mostly nonstructural, 
suggesting that the enhancement of mass transport in these systems should rely on the reduction of surface 
diffusion, which minimizes the pore-reentry step. Two strategies may be considered to minimize 
nonstructural surface barrier. One method is to modify the external surface of the zeolite so that the surface 
adsorption property is optimized. For example, a preliminary study done by Lercher and coworkers has 
shown that by using an over-layered structure of MFI zeolite, the sorption process of aromatic molecules 
is enhanced, leading to a faster mass transport80. Another method is to design composite materials with 
the zeolite crystals. For example, our previous work has demonstrated that the use of silica/silicalite-1 
composite sample can effectively reduce the surface barrier caused by pore re-entry72. This is because in 
the composite samples, zeolite crystals are re-arranged to be far apart from each other. Thus, with the 
same extent of surface diffusion, it is more difficult for diffusing molecule to re-uptake into micropores 
and repeat the micropore diffusion.  
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Table 3.2 Contribution of structural and nonstructural surface barrier for different molecules 
Sample       3 µm               1 µm              500 nm             200 nm             80 nm 
 
  Sa 
(%) 
NSb 
(%) 
  S 
(%) 
 NS 
(%) 
  S 
(%) 
 NS 
(%) 
  S 
(%) 
 NS 
(%) 
  S 
(%) 
 NS 
(%) 
14DMC 0 0 100 0 100 0 100 0 100 0 
CHX 0 0 35.5 64.5 68.7 31.3 69.0 31.0 77.4 22.6 
MCHX 0 0 33.9 66.1 42.8 57.2 33.7 66.3 40.2 59.8 
ECHX 0 0 24.6 75.4 26.5 73.5 17.9 82.1 31.6 64.8 
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3.4. Appendix: Supporting Information 
The adsorption data obtained from hydrocarbon gravimetric uptake technique were fitted using 
Redlich-Peterson and Freundlich models. 
The Redlich-Peterson can be expressed as: 
 
Where 𝑞𝑒𝑞 is the equilibrium adsorbate loading and P is the partial pressure of adsorbate in the 
gas phase. The fitting parameters are KR, BR, and NR.  
The Freundlich equation is: 
 
Again,  𝑞𝑒𝑞 and P are equilibrium adsorbate loading and particle pressure, respectively. The fitting 
parameters are KF and NF 
In both cases, the heat of adsorption was evaluated from Van’t Hoff equation with values of KR 
and KF at various temperatures. The fitting parameters are summarized in Table 3.3 
Table 3.3 Fitting parameters using Redlich-Peterson and Freundlich models. 
Temp. (oC) Redlich-Peterson Freundlich 
 KR BR NR KF NF 
100 78.11 30.72 0.92 2.54 0.083 
140 26.80 49.07 0.75 0.55 0.25 
170 2.59 44.87 0.51 0.058 0.49 
200 0.16 31.01 0.27 0.0051 0.73 
 
𝑞𝑒𝑞 =
𝐾𝑅𝑃
1 + 𝐵𝑅𝑃𝑁𝑅
 
S1 
𝑞𝑒𝑞 = 𝐾𝐹𝑃
𝑁𝐹  S2 
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Figure 3.11 Pulse chromatography breakthrough curves of (a) Ethylcyclohexane, (b) 
Methylcyclohexane, (c) Cyclohexane, and (d) cis-1.4 dimethylcyclohexane on 35 nm silica nanoparticle 
at different temperatures. Solid points are experimental data and lines represent model fit based on eq. 1. 
First moment shows linear increase with L/V in all cases, suggesting the validity of eq.1 in all 
measurements. 
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Figure 3.12 ZLC desorption curves for ethylcyclohexane on different siliclaite-1 samples at 
different temperatures. Symbols represent experimental data and solid lines are fitted curves using ZLC 
LT method. 
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Figure 3.13 ZLC desorption curves for methylcyclohexane on different siliclaite-1 samples at 
different temperatures. Symbols represent experimental data and solid lines are fitted curves using ZLC 
LT method. 
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Figure 3.14 ZLC desorption curves for cyclohexane on different siliclaite-1 samples at different 
temperatures. Symbols represent experimental data and solid lines are fitted curves using ZLC LT method. 
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Figure 3.15 ZLC desorption curves for cis-1, 4 dimethylcyclohexane on different siliclaite-1 
samples at different temperatures. Symbols represent experimental data and solid lines are fitted curves 
using ZLC LT method. 
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CHAPTER 4 
SILICA NANOPARITCLE MASS TRANSFER FIN FOR MFI COMPOSITE MATERIALS 
4.1. Introduction 
Diffusion studies performed using both microscopic and macroscopic methods (zero length 
column, frequency response, gravimetric up-take and pulsed-field gradient (PFG) NMR) have 
shown that the use of zeolite nanocrystals and hierarchical zeolites can indeed faster the mass 
transport6, 81-82. However, the benefits of using these materials have not been fully realized, and 
contradictory results have been reported by various research groups7. Owing to high 
surface/volume ratio in zeolite nanocrystals and hierarchical zeolites, it is proposed that mass 
transport in these materials is dominant by the mass transfer resistance near the external surface, 
known as “surface barrier”8, 67, 83-84. While the mechanism of surface barrier has not been fully 
understood, it has been reported that such a surface limitation could contribute up to 60% of the 
overall mass transport within small MFI zeolites24. The origin of surface barrier has been mostly 
explained as structural defects such as pore blockage, pore narrowing, and internal grain 
boundary2, 9, 43, 85-86. However, computational work carrier out by Bai, et al. found that even without 
any defects, mass transport of n-hexane is still affected by the surface resistance within self-
pillared pentacil (SPP) zeolite containing a large fraction mesopores70. Further, another work done 
by Teixeira and coworkers has shown that for the mass transport of benzene in siliclaite-1 
nanocrystals, 99.99% of the pore mouth has to be blocked in order to justify the experimental 
observation69. These results clearly suggest that besides structural defects, surface barrier must 
have arisen from other causes. Recently, we have proposed an effective diffusion length theory to 
explain the surface barrier in mesoporous material such as MCM-41 and SBA-1571. In this theory, 
the surface barrier was described as a distortion of diffusion length caused by strong guest/host 
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interaction at the mesopore surface which leads to a pore re-entry process of diffusing molecule. 
The effective diffusion length theory explains the surface barrier within hierarchical zeolites from 
a non-structural perspective as opposed to previously proposed mechanisms where the surface 
barrier is attributed to the structure inhomogeneity near the surface. 
In this work, the effective diffusion length hypothesis was expanded from hierarchical 
materials to zeolite nanoparticles by designing silica nanoparticle (SNP)/silicalite-1 composite 
sample. Nonporous SNPs were added into silicalite-1 nanocrystals in varying ratios, and the mass 
transport of cyclohexane in these materials were studied. The results support the validity of 
effective diffusion length theory in zeolite nanocrystals; more importantly, it presents a simple 
strategy to minimize the surface barrier without any destructive modification. 
 
4.2. Materials and Experiments 
4.2.1. Synthesis of Silicalite-1 
80 nm silicalite-1 crystal was prepared using a previously published procedure7. First, a 
tetrapropylammonium hydroxide (TPAOH), tetraethylorthosilicate (TEOS) and water mixture was 
aged at 353 K for 24 hr in an oil bath with stirring. Then, the aged mixture was transferred and 
sealed into a Teflon-lined autoclave for another 24 hr at 443 K. The composition of the synthesis 
gel was 1.00 SiO2: 0.25 TPAOH: 11.00 H2O. The product was collected and washed with 
deionized water by centrifugation until the pH of the solution was below 9. Finally, the sample 
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was dried in the oven at 353 K overnight and calcined at 873 K for 12 hr to remove organic 
impurities. 
4.2.2. Synthesis of SNP 
Silica nanoparticle (SNP) with a crystal size of 35 nm was synthesized according to 
literature16. Briefly, 0.198 g of L-lysine, 13.30 g of TEOS and 180 mL of deionized water was 
mixed in a Teflon bottle at 363 K with stirring. Thereafter, another 26.60 g of TEOS was added 
after 24 hr and 48 hr, respectively. The solution was stirred for another 24 hr after adding the last 
portion of TEOS. The solution was kept in a Teflon sealed centrifuge tube for the preparation of 
SNP/Silicalite-1 composite without any further treatments. For the diffusion measurement, a small 
portion of the solution was dried at 373 K overnight and calcined at 873 K for 24 hr. 
4.2.3. Synthesis of Composites 
Four different SNP and silicalite-1 composites, donated as SNP/MFI were prepared with 
surface area ratios of 0.5,1, 5, and 10. In this work, the surface area ratio was defined as the total 
external surface area to the micropore surface area of Silicalite-1 crystals. Before preparation, 1 
mL of SNP and MFI solution were added in a glass vial separately and dried in an oven overnight 
at 373K, respectively. The weight difference between the empty vial and the dried vial was 
recorded. The external surface contained in 1mL SNP solution was then obtained by Eq. 1. 
𝐸𝑥𝑡𝑒𝑟𝑛𝑎𝑙 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎, 𝐸𝑆𝑁𝑃 = 𝑀𝑆𝑁𝑃 × 𝐴𝐸𝑋_𝑆𝑁𝑃 
1 
Where 𝑀𝑆𝑁𝑃 is the weight difference of SNP solution, 𝐴𝐸𝑋_𝑆𝑁𝑃 is the external surface area 
per mass of the sample obtained from nitrogen adsorption-desorption experiment. 
The micropore surface area of 1mL MFI solution was calculated using following equation. 
𝑀𝑖𝑐𝑟𝑜𝑝𝑜𝑟𝑒 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎, 𝐴𝑀𝐹𝐼 = 𝑀𝑀𝐹𝐼 × (𝑆𝐵𝐸𝑇_𝑀𝐹𝐼 − 𝑆𝐸𝑋_𝑀𝐹𝐼) 
2 
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 𝑀𝑀𝐹𝐼 is the weight difference of MFI solution, 𝐴𝐵𝐸𝑇_𝑀𝐹𝐼 , 𝑆𝐸𝑋_𝑀𝐹𝐼  are BET surface area 
and external surface area per mass of the sample obtained from nitrogen adsorption-desorption 
study. 
During synthesis, 1.0 mL of SNP solution was used and the volume of MFI solution was 
adjusted according to Eq. 3  
𝑉𝑀𝐹𝐼 =
𝐸𝑆𝑁𝑃
𝛼𝐴𝑀𝐹𝐼
 3 
 
 𝛼 is the SNP/MFI area ratio, 𝐴𝑀𝐹𝐼 is the micropore surface area of 1mL MFI solution and 
𝐸𝑆𝑁𝑃 is the external surface area of 1mL SNP solution. 
Finally, two solutions were mixed together and placed into a sonication bath for 20 mins 
in order to achieve a uniform mixing. The resulting product was dried into an oven at 373 K for 
overnight and then calcined at 873 K for 20 hr. The numbers used for the synthesis are summarized 
in Table 4.1. 
Table 4.1 Numbers used for the synthesis of mixture samples 
Sample 
Weight 
Difference (g) 
Volume of 
SNP (µL) 
Volume of MFI 
(µL) 
SNP 0.0789 N/A N/A 
MFI 0.0893 N/A N/A 
SNP/MFI_0.5 N/A 1000 1007 
SNP/MFI_1 N/A 1000 503 
SNP/MFI_5 N/A 1000 100.7 
SNP/MFI_10 N/A 1000 50.3 
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4.2.4. Characterization  
All materials were characterized by nitrogen adsorption/desorption isotherms, X-ray 
diffraction (XRD) and scanning electron microscopy (SEM). Nitrogen sorption isotherms were 
measured on an Autosorb-iQ system (Quantachrome) at 77 K after outgassing at 573 K until 
pressure rise in the sample cell was less than 25 mTorr/min. Powder XRD patterns were collected 
on an X’Pert Pro (PANalytical) diffractometer using Cu Kα radiation with an X’celerator detector. 
Peaks were collected in 2θ range from 4° to 40°. SEM images were collected on Magellan 400 
(FEI) equipped with a field-emission gun operated at 3.0 kV. The sample was sputter coated with 
Pt before the SEM measurement. 
4.2.5. Zero Length Column (ZLC) 
The mass transport of cyclohexane was studied by ZLC. The ZLC setup has been 
extensively described in literatures87-88. In short, a sample column containing a thin layer of sample 
(2-3 mg) was mounted in an isothermal gas chromatograph oven (5890 Series II, Hewlett-Packard). 
Prior to the measurement, the sample was degassed at 523 K for 8 hr in 100 sccm helium to remove 
any impurities. During the experiments, the samples were first saturated by a dilute stream of 
cyclohexane in helium. After enough time to equilibrate, a four-way GC valve was toggled, 
switching the influent to a pure inert helium stream with a flow rate 100 mL/min. The desorption 
profile of cyclohexane from the sample was then monitored by measuring the cyclohexane 
concentration in the effluent using a flame ionization detector (FID). The desorption curve was 
used to calculate the characteristic diffusion rate (D/R2) with the ZLC long time (LT) method. In 
this work, each experiment was repeated three times to achieve a good reproducibility. All flows 
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were controlled with Brooks 5850E mass flow controllers and gas lines were maintained at 373 K 
throughout the measurement to avoid any condensation effect.  
4.3. Results and Discussion 
XRD results are presented in Figure 4.1 for all studied samples. 80 nm silicalite-1 sample 
shows a typical MFI pattern without any crystalline impurities. With the addition of SNP, the 
intensity of MFI peaks is weakened, indicating a decreased fraction of zeolitic phase in the 
composite samples.  
 
Figure 4.1 X-ray diffraction patterns for zeolite/SNP samples. Black-80 nm Silicalite-1, 
red-SNP/MFI_0.5 sample, blue-SNP/MFI_1 sample, pink-SNP/MFI_5 sample, green-
SNP/MFI_10 sample. 
From SEM pictures (Figure 4.2), silicalite-1 sample shows a uniform crystal size of 80 nm, 
whereas SNP sample exhibits an average size of 35 nm. No silicalite-1 clusters were found from 
measurements, indicating that silicalite-1 crystals and SNPs were well mixed in all composites. 
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Nitrogen adsorption-desorption isotherms for all the studied samples are presented in Figure 4.3. 
80 nm silicalite-1 sample shows a typical type I isotherm with a micropore uptake occurs at low 
relative pressures. Hysteresis loops between adsorption and desorption branches were seen for 
composite samples, indicating the presence of mesoporous structure corresponding to the 
interstitial mesopores of SNPs. No micropore volume was observed for SNP sample, further 
confirms the nonporous structure of SNP. The analyzed results from N2 adsorption isotherms are 
summarized in Table 4.2.  
 
 
Figure 4.2 SEM images of (a) 80 nm Silicalite-1 (b) SNP/MFI_0.5 (c) SNP/MFI_1 (d) 
SNP/MFI_5 (e) SNP/MFI_10 and (f) Silica nanoparticle. Zeolite component in the mixtures is 
highlighted by a black circle. 
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Figure 4.3 Nitrogen adsorption isotherms of SNP/Silicalite-1 samples at 77 K. Values have 
been offset on y axis by 200 cm3/g for each sample. 
 
The micropore volume of the silicalite-1 sample obtained from t-plot method is 0.12 cm3/g, 
which is a typical value for MFI zeolite6. For composites, the micropore volume decreases from 
0.12 cm3/g in silicalite-1 sample to 0.01 cm3/g in SNP/MFI_10 sample, suggesting a reduction in 
micropore fraction as more nonporous SNPs were added. SNP/MFI area ratios were confirmed 
from Table 4.2. These values are close to the nominal surface area ratios used in the synthesis. 
Table 4.2 Textural properties of the samples used in this study. Values of nominal surface 
ratio and calculated surface ratio from N2 adsorption/desorption isotherms are also show 
Sample 
BET Area 
(m2/g)a 
Micropore Volume 
(cm3/g)b 
External Surface 
(m2/g)b 
Nominal Surface 
Ratio 
Calculated Surface 
Ratioc 
0.0 0.2 0.4 0.6 0.8 1.0
200
400
600
800
1000
1200
V
o
lu
m
e
 a
t 
S
T
P
 (
c
m
3
/g
)
Relative Pressure
SNP
SNP/MFI_10
SNP/MFI_5
SNP/MFI_1
SNP/MFI_0.5
80 nm Silicalite-1
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Silicalite-1 323.4 0.120 93.4   
SNP/MFI_0.5 272.5 0.073 98.7 0.50 0.57 
SNP/MFI_1 183.5 0.026 113.0 1.00 1.60 
SNP/MFI_5 125.1 0.006 109.7 5.00 7.10 
SNP/MFI_10 132.8 0.001 123.0 10.00 12.50 
SNP 131.0 0 130.8   
aBET area was calculated from the relative pressure between 0.05 and 0.25 of the adsorption curve using BET equation. 
bExternal surface and micropore volume were evaluated by t-plot method. c Calculated surface ratio = (External 
surface)/(BET Area - External Surface). 
Figure 4.4 depicts the desorption curves obtained from ZLC measurements for the mass 
transport of cyclohexane at different temperatures. Dotted lines are experimental data, and solid 
lines represent ZLC LT method fits. In all cases, there is good agreement between the model fitting 
and the experimental data. The measurements on the SNP samples were conducted at lower 
temperatures to ensure a transport-controlled desorption process. L values from LT method are 
greater than 10 in all the measurements, indicating an internal diffusion-controlled desorption 
process89. The diffusion rate (D/R2) of cyclohexane in 80 nm silicalite-1 sample measured in this 
study agreed well with reported values using both frequency response and ZLC method for the 
same system under similar conditions6, 90. In all cases, the linear part of the desorption curves in 
the long-time region becomes steeper at higher temperatures, indicating a faster diffusion rate 
(D/R2) based on the LT method.  
 
 89 
 
Figure 4.4 ZLC desorption curves of cyclohexane in all studied samples at different 
temperatures. Symbols represent experimental data and solid lines are the fitted curves using ZLC 
LT method. Measurements on SNP sample were conducted under lower temperature to ensure 
diffusion-controlled mass transport. 
The diffusion length (R) in the value of D/R2 obtained from the ZLC desorption curves is 
the actual diffusion path within an individual crystal, which depends on the structure of the zeolite 
and diffusion mechanism. The diffusivity, D, cannot be correctly calculated from the D/R2 value 
without knowing the actual diffusion length, R. Therefore, instead of using diffusivity, D, the value 
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of D/R2 directly derived from the ZLC desorption curves using the LT method were used to 
compare the mass transport characteristics of different samples. 
Figure 4.5 shows the change of D/R2 with nominal SNP/MFI surface area ratio. Diffusion 
of cyclohexane in pure SNP sample was observed to be much faster than those in other samples. 
This is due to the absence of micropores in the SNP structure, such that mass transport of 
cyclohexane is entirely governed by surface diffusion. A sharp increase in the value of D/R2 was 
seen from MFI to the SNP/MFI_0.5 sample, indicating a strong dependence of mass transport with 
the presence of SNPs. However, the enhancement is less significant with further addition of SNPs.  
 
 
Figure 4. 5 Plot of diffusion rate (D/R2) versus SNP/MFI area ratio at different temperatures, 
compared with 80 nm Silicalite-1 and pure SNP sample. 
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Mass transport in micropores has been known to be a temperature-activated process due to 
a constant interaction with micropores76-77. In this work, the activation energy for the diffusion of 
cyclohexane in each sample was calculated and plotted in Figure 4.6 (a). For 80 nm silicalite-1, 
the value of activation energy (44.8 kJ/mol) is in the range of literature values40, 42, 91, suggesting 
a mass transport governed by micropore diffusion. The activation energy (20.1 kJ/mol) for 
cyclohexane diffusion in SNP sample is much lower than those for other systems, further confirms 
a surface diffusion controlled mass transport. As shown in Figure 4.6 (b), the value of activation 
energy remains constant through the first three data points (silicalite-1, SNP/MFI_0.5 and 
SNP/MFI_1), indicating a common diffusion mechanism within these samples. This result 
suggests that the first increase in diffusion rate shown in Figure 4.5 is due to a shortened micropore 
diffusion pathway caused by the presence of SNPs, rather than the shift of mass transport 
mechanism (i.e., from micropore diffusion to surface diffusion). Starting from SNP/MFI_5, as 
more external surface from SNPs was mixed with silicalite-1, the contribution of surface diffusion 
to the overall mass transport becomes significant, resulting in a decreased activation energy.  This 
suggests a transition from micropore diffusion-controlled mass transport to surface diffusion-
controlled mass transport. To summarize, it can be concluded from Figure 4.6 (b) that the sharp 
initial increase in D/R2 is due to a shortened micropore diffusion pathway, whereas further 
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increases are due to the transition of governing diffusion mechanism from micropore diffusion to 
surface diffusion caused by an excess of external surface.  
Figure 4.6 (a) Arrhenius plot of cyclohexane diffusion in all studied samples. (b) The 
change of activation energy with nominal SNP/MFI area ratio. A transition from micropore 
diffusion-controlled regime to surface diffusion-controlled regime was observed. The cross 
symbol represents the activation energy of surface diffusion of cyclohexane in SNP sample.  
It is proposed that the mass transport of cyclohexane in zeolite nanoparticles is a 
combination of micropore diffusion and surface diffusion, as shown in Figure 4.7 (a). During 
desorption, cyclohexane molecule escapes from micropore network by micropore diffusion. After 
reaching the external surface, it could travel either by surface diffusion along the external surface, 
or Knudsen diffusion within the interstices between silicalite-1 crystals. From an energetic point 
of view, desorption from a solid surface is an endothermic process, meaning that the adsorbate 
needs to obtain enough energy to overcome the energy barrier which is associated with 
adsorbate/adsorbent interaction. When the diffusing molecule is not able to obtain sufficient energy, 
surface diffusion becomes more favorable than Knudsen diffusion. While cyclohexane molecule 
diffuses along the external surface, it is possible that this molecule can diffuse back into the 
micropores, leading to a repeated micropore diffusion process which extend the characteristic 
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micropore diffusion length. We call this mechanism as pore re-entry mechanism since the molecule 
which has desorbed from one micropore enters another micropore71. It should be noted that the 
pore re-entry step could occur either from the same silicalite-1 crystal (intra-particle pore re-entry) 
or adjacent crystals (inter-particle pore re-entry).  
 
Figure 4.7 Proposed diffusion pathway for the mass transport of cyclohexane molecule 
during desorption from (a) 80nm Silicalite-1 and (b) SNP/MFI mixture. Solid circle represents 
secondary cluster. 
With the addition of SNPs, the diffusion pathway of cyclohexane in composite samples is 
altered as shown in Figure 4.7 (b). In composites, silicalite-1 crystals are isolated from each other 
by SNPs. After cyclohexane molecule arrives at external surface by micropore diffusion, instead 
of diffusing along the external surface of silicalite-1 crystal, it travels along the nonporous surface 
of SNPs. As a result, it is less likely that this molecule will enter another micropores and repeat 
the micropore diffusion process. The reduced probability of inter-particle pore re-entry step in 
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composite samples leads to a shortened micropore diffusion length. However, the intra-particle 
pore re-entry from the same zeolite crystal can still occur.  
The effect of pore re-entry on the actual micropore diffusion length was further evaluated 
using Eq.4. In this study, the actual micropore diffusion length is considered as the sum of two 
terms: the radius of silicalite-1 crystal, R, which describes the conventional understanding of 
micropore diffusion length for a spherical crystal; and 𝛿, which represents the additional micropore 
diffusion length caused by pore re-entry. 𝜏𝑠𝑖𝑙𝑖𝑐𝑎𝑙𝑖𝑡𝑒−1 is the micropore diffusion time constant that 
is obtained from the ZLC measurement. 𝐷𝑚𝑖𝑐𝑟𝑜 is the micropore diffusivity. 
𝜏𝑠𝑖𝑙𝑖𝑐𝑎𝑙𝑖𝑡𝑒−1 =
(𝑅 + 𝛿)2
𝐷𝑚𝑖𝑐𝑟𝑜
 4 
In this study, the value of  𝐷𝑚𝑖𝑐𝑟𝑜 was calculated from the diffusion measurement of 
SNP/MFI_0.5 using the radius of silicalite-1 crystal (40 nm) as micropore diffusion length. It is 
based on the approximation that the inter-particle pore re-entry has been eliminated in 
SNP/MFI_0.5 sample and the overall mass transport is still controlled by micropore diffusion. This 
condition can be validated from Figure 4.5 and Figure 4.6 (b), where SNP-MFI_0.5 sample shows 
an improved mass transport with unchanged activation energy as compared to pure silicalite-1 
sample, and no further increase is observed from SNP/MFI_0.5 to SNP/MFI_1 sample. The 
obtained 𝛿 values at different temperatures are listed in Table 4.3. At low temperature (50 oC), the 
actual micropore diffusion length was observed to be nearly twice as long as the radius of the 
crystal (40 nm).  It is also found that the value of 𝛿 decreases with temperature. Higher temperature 
 95 
facilitates the desorption of diffusing molecule from the external surface, hence reducing the extent 
of surface diffusion and pore re-entry on the overall mass transport process.  
Table 4.3 Additional micropore diffusion length caused by pore re-entry at different 
temperatures 
To compare the pore re-entry effect with previously proposed pore blockage mechanism, 
the values of 𝛿 obtained in this study were used to re-analyze the diffusion data reported in our 
previous work6. Specifically, the micropore diffusion length (R) was adjusted using additional 
length (𝛿) to account for the pore re-entry step, and the micropore diffusivity of 80 nm silicalite-1 
crystal was evaluated using newly defined R. The raw and re-calculated diffusivities of 
cyclohexane/80 nm silicalite-1 system are plotted in Figure 4.8 along with the diffusivity of 
cyclohexane in 3.0 m silicalite-1. As shown in Figure 4.8, after taking pore re-entry effect into 
account, the micropore diffusivity increases almost one order of magnitude. However, this 
corrected diffusivity is still much lower than that in 3 m silicalite-1, suggesting that neither pore 
blockage nor inter-particle pore re-entry can solely explain the reduction of diffusivity in small 
zeolite crystals. While this difference can also be caused by the presence of intra-particle pore re-
Temp. (℃) 𝜹 (nm) 
50 36.8 
70 32.2 
100 31.0 
125 30.5 
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entry (diffusing molecule re-enters into micropore from the same zeolite crystal), we conclude that 
both pore blockage and pore re-entry are present in small MFI zeolites. 
 
Figure 4.8 Corrected apparent diffusivities for the diffusion of cyclohexane in 80 nm 
silicalite-1 sample using the additional diffusion length obtained in this study, as compared to 
previously published values. 
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4.4. Appendix: Supporting Information 
The 3D spherical ZLC model was used in this study to analyze the desorption data. The 
model assumes the desorption step is entirely controlled by the intra-crystalline diffusion and the 
surface of the zeolite is constantly at equilibrium with the bulk phase. The model can be described 
by: 
Governing equation with a spherical coordinate: 
𝜕𝑞
𝜕𝑡
= 𝐷∇𝑟
2𝑞 S4.1 
The initial and boundary conditions: 
𝑞(𝑟, 0) = 𝑞0 = 𝐾𝐶0,   𝐶(0) = 𝐶0 S4.2 
 
𝜕𝑞
𝜕𝑟
(0, 𝑡) = 0 S4.3 
 
−𝐷
𝜕𝑞
𝜕𝑟
(𝑅, 𝑡) =
1
3
𝐹
𝑉𝑆
𝑅
𝐾
𝑞(𝑅, 𝑡) S4.4 
 
Where q is the solid phase concentration; D is the micro-pore transport diffusivity; C is the 
gas phase concentration. The second boundary condition is derived from the mass balance within 
the entire ZLC column assuming gas phase accumulation is neglected. The solution to the 
boundary value problem has been solved in the literature: 
𝑐
𝑐0
= 2𝐿∑
exp (−
𝛽𝑛
2𝐷𝑡
𝑅2
)
𝛽𝑛2 + 𝐿(𝐿 − 1)
∞
𝑛=1
 S4.5 
 
Where  
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𝛽𝑛𝑐𝑜𝑡𝛽𝑛 + 𝐿 − 1 = 0 S4.6 
  
𝐿 =
1
3
𝐹
𝐾𝑉𝑆
𝑅2
𝐷
=
𝜏𝐷𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛
𝜏𝑐𝑜𝑛𝑣𝑒𝑛𝑐𝑡𝑖𝑜𝑛
 S4.7 
 
L represents the ratio of micro-porous diffusional time constant to the external transport 
time. The desorption process is diffusion controlled if L>10 and equilibrium controlled when L<1. 
At long time (t value is large), only the first term in Eq.S8 contributes to the summation and S8 
reduces to 
𝑐
𝑐0
=
2𝐿
𝛽1
2 + 𝐿(𝐿 − 1)
exp (−
𝛽1
2𝐷𝑡
𝑅2
) S4.8 
 
Thus, from Eq.S11, the micro-pore diffusion time constant 
𝐷
𝑅2
 can be evaluated from the 
slope of the plot of 𝐿𝑛 (
𝐶
𝐶0
) versus t at long time region. This method is called Long Time (LT) 
analysis. 
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CHAPTER 5 
CONCLUSIONS 
In the first part of the thesis, we studied the mass transport of cyclohexane within silicalite-
1 crystals with crystal size ranging from 80 nm to 3 µm. For the first time, surface barriers in 
silicalite-1 are characterized experimentally to exhibit asymmetric kinetic and energy dependences, 
whereby separate mechanisms are rate controlling for entering and exiting surface pores. Using 
the frequency response technique, surface barriers are shown to become rate relevant and 
eventually dominate mass transport into and out of small silicalite-1 particles (< 100 nm). 
Mechanistic insight is provided showing the uptake step to exhibit a low activation barrier, while 
both intracrystalline diffusion and surface release steps exhibit the same activation energies. 
Structural blockages at the surface of most pores are proposed to describe the observed surface 
limitation. Despite kinetic characterization of surface limitations, conclusive evidence of surface 
pore blockages has yet to resolve the surface of MFI to determine the distribution of surface 
termination structures to quantify the extent of structural pore blockages. 
In the second part, pulse chromatography and ZLC techniques were used in this work to 
study the adsorption and diffusion of four different molecules in silicalite-1 samples of various 
crystal sizes. It is observed that surface barrier in small silicalite-1 crystals exhibits a strong 
dependence on the heat of adsorption, indicating an adsorptive nature of surface barrier. It is 
proposed that the overall mass transport in small silicalite-1 crystals can be dominated by surface 
diffusion, owing to strong adsorbate/adsorbent interaction at the external surface. This surface 
diffusion followed by pore re-entry is responsible for the presence of a non-structural surface 
barrier that makes the actual micropore diffusion length to be much longer than the crystal 
dimension. The demonstration of a non-structural surface barrier in this work is of great 
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importance in the field of zeolite design. It implies a possibility of over-optimism for the 
enhancement of mass transport using zeolite nanocrystals or hierarchical zeolites, even after the 
structure defects of these materials are minimized from post synthetic methods. When consider the 
benefits of using these materials in catalysis, one should not only focus on the zeolite catalyst 
itself, but also the adsorptive property of reactant molecules. 
In the last part, SNP/MFI composites with various external surface area to micropore 
surface area ratios were prepared. The diffusion of cyclohexane in these samples was studied using 
the ZLC technique. It was observed that the mixing of silicalite-1 crystals with a small number of 
SNPs can significantly improve the micropore diffusion rate (D/R2) without changing the diffusion 
activation energy. An external diffusion path including a pore re-entry step is proposed to explain 
the experimental observation. It is proposed that the strong adsorption of cyclohexane on the 
external surface of silicalite-1 crystals leads to the pore re-entry of cyclohexane during the 
desorption step. Such a pore re-entry step creates a repeated micropore diffusion pathway which 
significantly extends the micropore diffusion length. With the presence of SNPs, the isolation of 
silicalite-1 crystals reduce the probability of the desorbing molecule from inter-particle pore re-
entry, resulting in a reduced micropore diffusion length. In addition, further analysis of the 
experimental diffusion data shows that the pore re-entry mechanism extends the micropore 
diffusion length to be two-fold longer than the radius of the silicalite-1 crystal. By revisiting the 
previous diffusion study, it is proposed that surface resistance in zeolite nanoparticles is likely due 
to both pore blockage and pore re-entry. 
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 CHAPTER 6  
SUGGESTED FUTURE DIRECTIONS 
6.1. Studying Mass Transport under Higher Partial Pressure 
For the current macroscopic techniques, the mass transport has been measured under low 
partial pressure (within Henry’s law region) mostly due to the linear surface boundary condition 
in the diffusion model. While the transport diffusivity measured under such condition is insightful 
for fundamental study as the values of transport diffusivity and self-diffusivity coincide, it has 
limited practical value because catalytic reactions are always carried out under high reactant partial 
pressures in reality. Therefore, later studies should focus on studying the mass transport under high 
partial pressures. 
It is known that the diffusion process is concentration-dependent. In zeolites, as the 
diffusion of molecules takes place in confined channels where it is impossible for diffusing 
molecules to pass each other, encounters between different molecules at higher concentrations will 
significantly lower the rate of micropore diffusion.  
While the effect of surface barrier at higher concentrations has not been studied in the 
literature, reasonable speculations can still be made based on our knowledge regarding the origins 
of surface barrier. For surface pore blockage, a higher local concentration near a blocked pore 
mouth makes it impossible for exiting molecules to turn around and diffuse back immediately, 
leading to the formation of an “accumulating crust” near the pore mouth (Figure 6.1). In this case, 
an extra surface mass transport step is formed because now exiting molecules must turn back and 
penetrate the accumulating crust to diffuse back into the pore network. For effective diffusion 
length (pore re-entry) mechanism, however, it can be expected that its contribution will be reduced 
at higher concentration because a surface diffusing molecule can no longer re-enters the micropore 
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as the pore mouth is blocked by an exiting molecule inside the zeolite (Figure 6.2). Because the 
overall surface barrier has been shown to be a combination of both surface pore blockage and pore 
re-entry, the overall effect of concentration on the surface barrier is hard to speculate and will 
depends on the parameters such as surface interaction, pore dimension, and molecule size. 
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Figure 6.1 The formation of an accumulating crust near a blocked pore mouth due to high 
local concentration. 
 
Figure 6.2 The effect of high concentration on the pore re-entry mechanism. At high 
concentration, a surface diffusing molecule can no longer re-enters the micropore. 
 
Again, mass transport in small zeolites is a complex interplay of micropore diffusion and 
surface barrier due to large external surface to volume ratio. At higher concentrations, if the 
impediment to micropore diffusion is more significant than that to surface barrier, the overall mass 
transport will be less affected by the external surface. Owing to this, the use of small zeolites under 
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higher concentration is more beneficial than that under low concentration. Similarly, if the surface 
barrier is impeded more than micropore diffusion, external surface will play more important role 
at higher concentration. In this case, it is possible that the use of small zeolites has no benefit, or 
even negative effect on the mass transport. 
Experimentally, the micropore diffusion at high concentration (beyond Henry’s law 
region) can be measured by tracer ZLC or TZLC. The theory of TZLC is similar with convention 
ZLC mentioned in the previous sections except that the adsorption of studied molecule is linear 
through all concentrations. In this method, zeolite sample is first saturated with a mixture stream 
of helium, studied sorbate (unlabeled), and its deuterated form (labeled). The total partial pressure 
is known. At time zero, the inlet stream is switched to a helium purge flow containing unlabeled 
sorbate at the same total partial pressure and a mass spectrometer is used to monitor the desorption 
of deuterated molecules. Giving that the adsorption and diffusion behaviors between unlabeled 
and labeled molecules are not significantly different, the system of labeled molecule is always 
linear, and the effective self-diffusivity can be determined using the same analysis method as in 
the conventional ZLC method. 
6.2. Other Possible Reasons for Surface Barrier 
While two possible mechanisms (surface pore blockage and effective diffusion length) 
have been proposed to explain the origin of surface barrier, other possibilities such as crystal 
symmetry transition (from monoclinic to orthorhombic) upon adsorption and internal defects were 
not excluded. Future studies are required to further address these two possibilities. 
*Symmetry Transition upon adsorption. Depending on the temperature, Si/Al ratio, and 
property and amount of adsorbed species, MFI zeolite can be observed in two different symmetry 
structures, i.e. monoclinic and orthorhombic. Studies have been shown that a transition from 
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monoclinic to orthorhombic can take place when the pore is filled with certain amount of hydron 
molecules, and the size of sinusoidal channel will be significantly altered, leading to a different 
diffusion behavior92-93. Previous work studying the symmetry transition due to adsorptions of p-
xylene and cyclohexane have concluded that the transition is mostly caused by the access of 
molecules into sinusoidal channels94. Thus, if further studies focus on the study of mass transport 
using large molecules such as cyclohexane and alkyl-cyclohexanes, the effect of symmetry 
transition can be excluded as large molecules are not able to access the sinusoidal channel to trigger 
the transition. On the other hand, if small molecules are used in future (benzene and toluene), more 
characterization studies (e.g. FTIR and in-situ XRD) need to be done to make sure the absence of 
symmetry transition under experimental conditions. 
Another way to exclude the symmetry transition is to use ZSM-11 where only straight 
pores are present in the framework. By comparing the surface barrier between ZSM-5 and ZSM-
11, one should be able to know the contribution of sinusoidal channels to the surface barrier. 
*Internal Defects. Internal defects such as internal grain boundaries, intergrowths, and 
internal structure defects are also possible causes for surface barrier. These defects result from the 
synthesis process can cause discontinuous or misaligned pore channels which act as “effective 
pore blockage” to hinder the micropore diffusion. To exclude the role of internal defects, defect-
free crystals with different crystal sizes need to be successively synthesized. A recent paper 
published by Hedlund and co-workers has reported a procedure to make defect-free silcialite-1 
single crystals using fluoride as mineralizing agent at near neutral PH95. Within our group, defect-
free CHA and BEA crystals were also successfully synthesized. Future works can focus on 
studying the mass transport using these materials to further simplify the surface barrier. In 
particular, the 8-member ring pore structure (~3.8Å) in CHA zeolite makes it possible to study the 
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mass transport of light hydrocarbons (C2, C3). It has been reported in the literature that for light 
hydrocarbons, the interaction to zeolite surface is much weaker than that of heavy hydrocarbons79.  
Thus, the pore re-entry effect caused by strong surface interaction can be excluded as well and this 
system can be used to exclusively study the surface barrier caused by surface pore blockage. 
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